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IntroductionIn daily life, we use our upper limbs almost constantly when performing activities. Most often these are bimanual activities, where both arms and hands 
are needed to perform the task in an easy and efficient way. When one of the arms does not function as it should, this has dramatic consequences for the performance of daily-life activities. This is the case in patients with unilateral spastic paresis or hemiparesis as a result of brain damage, who have motor disorders (i.e., loss of motor function) of one side of the body, predominantly involving one arm and one leg. Two of the most common groups of patients with hemiparesis are adults with acquired brain damage as a result of a stroke, and children with congenital brain damage that primarily affects motor control, also referred to as cerebral palsy (CP). This thesis will focus on motor disorders of upper-limb control in these two groups. There are obvious differences between adults with stroke and children with CP, because adults who have had a stroke lose motor skills that they were able to perform before the stroke, whereas children with CP may have never developed such motor skills. Nevertheless, the limitations in capacity and performance as well as the rehabilitation strategies in adults with stroke and children with CP are strikingly similar for the upper limb. Moreover, in both groups, assessment of the upper-limb capacity and performance face similar challenges. 
StrokeStroke is the leading cause of long-term disability in the Western world,1 leaving 15-30% of stroke survivors permanently disabled.2 Each year, 610.000 patients 
experience a first stroke in the USA.2 In the Netherlands, 2 to 3 per 1000 
persons experience a first stroke each year.3 Frequently, stroke leads to motor disorders, which are caused by a reduction of blood supply to the brain due to an obstruction (ischemic stroke) or a spontaneous hemorrhage in the brain (hemorrhagic stroke).4 This loss of motor function, or paresis, is characterized by muscle weakness and spasticity which greatly affects an individual’s capacity to perform activities of daily living (ADL) and participate in daily-life situations.5 In particular, paresis of the upper limb has major disabling effects on a person’s instrumented ADL,6 which is the ability to use a device such as a telephone or toothbrush. Paresis of the upper limb is present in almost 70% of the patients directly after stroke, and for almost half of these patients this is a complete paresis, or paralysis.7 However, not only the primary motor disorders can limit 
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the use of the affected arm and hand; some patients develop a preferred use of the non-affected arm and, with that, a disuse of the affected limb, also known as “learned nonuse”.8 This behavioral lack of use can lead to a use-dependent decrease in cortical representation, which in turn makes movement even more 
difficult. As a result, some patients after stroke use their affected arm and hand less than may be expected based on the underlying motor capacities.  
Cerebral PalsyCP is the most common physical disability in childhood, affecting 2 to 3 children per 1000 live births.9 CP is an umbrella term for a group of permanent but non-progressive disorders of movement and posture that occur in the developing or immature brain, resulting in activity limitations.10 Most of the children with CP experience muscle weakness and spasticity, which are important causes of the activity limitations.11,12 CP is usually further classified according to the parts of the body that are affected.13 According to this classification, about one third of the children with CP have unilateral or hemiparetic CP involving one arm and leg on the same side.9 Because of the motor limitations, children with hemiparetic CP tend to disregard their affected side and instead use their less-affected arm and hand, even when the actual functional loss of the affected side is mild. Therefore, children with hemiparetic CP do not only experience problems as a result of the primary motor disorder, but also as a result of the lack of use leading to a failure to develop potential motor functions.14 This is described as “developmental disregard” instead of learned nonuse, because children with CP have never learned the movements of the affected arm and 
hand and their asymmetrical development amplifies the lack of use. 
Upper-limb rehabilitation in unilateral spastic paresisRehabilitation is a vital part of upper-limb recovery in stroke and CP. The most important treatment aspects in upper-limb rehabilitation are intensity 
and task-specificity.15,16 Recently, promising new treatments incorporating 
intensive and task-specific training have shown to be successful in stimulating upper-limb recovery, such as Constraint-Induced Movement Therapy (CIMT), bilateral training, robot-aided training, and virtual reality (VR) training.16-18 CIMT was developed to overcome learned nonuse in patients with stroke, and has two fundamental treatment characteristics: restraint of the non-affected limb and massed practice of real-life activities with the affected limb.19 Since its development in the 1980s, CIMT has been elaborately studied in stroke20 
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as well as in CP21, with positive effects on motor recovery of the affected limb. Intensive bilateral upper-limb training has been applied in CP (Hand–Arm Bimanual Intensive Therapy; HABIT)22 and in stroke combined with rhythmic auditory cueing (BATRAC)23. Both therapies had beneficial effects on upper-limb recovery.24,25 Finally, robot-aided and VR training are increasingly being applied in stroke and CP, which enable patients to practice intensively while they remain motivated to continue training.26-29 The primary goal of these upper-limb training approaches is to optimize the capacity of the paretic arm and hand to be able to execute meaningful tasks, thus ultimately improving the person’s ability to perform daily-life activities. Because each patient experiences different levels of limitations, treatment needs to be adjusted to the individual. For instance, 
patients with mild limitations may benefit from intensive training aimed at motor recovery such as CIMT, whereas patients with severe limitations may 
benefit more from bilateral or compensatory training. Individual assessment of the effects of hemiparesis on upper-limb capacity is therefore crucial in order to identify realistic and attainable goals. Based on these goals and the initial level of upper-limb capacity, the most appropriate therapeutic intervention has to be 
selected, and its efficacy evaluated.30 
Upper-limb assessment in unilateral spastic paresisThe selection of appropriate outcome measures to assess upper-limb recovery can be facilitated by incorporating the framework of the International 
Classification of Functioning, Disability, and Health (ICF).31 The ICF provides a framework for measuring health and disability in terms of body functions and structures, activity, and participation.5 Function of the upper limb entails neuromusculoskeletal and movement-related functions such as muscle strength, joint mobility, and coordination of simple and complex voluntary movements. Upper-limb activity is the execution of a task or action, and is further subdivided 
in two qualifiers: capacity and performance. Capacity describes the highest probable level of the execution of a task or action at a given time in a standardized environment, while performance describes what persons actually do in the context of their daily lives.5 This classification is not always used consistently in the literature. In American literature, the term “function” is, confusingly, also used in terms of capacity. Throughout this thesis, the recommendations of the World Health Organization will be adhered to use the term “function” only according to the ICF level of bodily functions (such as muscle strength), while the 
level of activity is described using the qualifiers “capacity” and “performance”. 
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Although the primary aim of upper-limb rehabilitation is to optimize its capacity so that daily-life performance improves, patients often do not use their upper limb according to its maximal capacity during many activities, even after an intensive training intervention. In fact, it was found that in patients after stroke, improvements in upper-limb capacity needed to reach a certain level before actual performance started to improve.32 In addition, in a training 
study consisting of modified CIMT and bimanual training for children with hemiparetic CP, it was found that while capacity did improve in most children, the overall amount of spontaneous use did not improve for all children.33 In order to resolve this discrepancy between capacity and performance, it is necessary to be able to adequately assess upper-limb capacity and performance separately, as well as the underlying processes involved in motor control and the execution of daily activities. 
Capacity and performanceIn stroke as well as in CP there is still a lack of suitable outcome measures to assess upper-limb capacity and performance. In stroke, some measures only assess hand-related capacity, or dexterity, and are, therefore, not suitable for more severely affected patients who have no or poor dexterity.34-38 Other measures combine the assessment of upper-limb capacity with the assessment of bodily functions,39-41 which complicates straightforward interpretation. There is an even greater lack of reliable and valid “real-life” performance measures, particularly for patients with poor upper-limb capacity.42 For CP, some reliable and valid measures of upper-limb capacity are available.43 However, the Quality of Upper Extremity Skills Test43 and the Melbourne Assessment of Unilateral Upper Limb Function44 both combine unimanual upper-limb capacity with upper-limb function.45 Furthermore, few tools measure bimanual performance in daily life. For instance, the Assisting Hand Assessment46 measures how effectively the affected upper limb is used in bimanual activities, but does not measure the spontaneous use during natural behavior, i.e., performance. At present, only one measure aims to assess upper-limb capacity, performance, and amount of spontaneous use during natural behavior as an indicator of developmental disregard in children with CP, by using video observations.47,48 Although this measure (Video Observations Aarts and Aarts module Determine Developmental Disregard; VOAA-DDD) does not assess performance directly in daily life, it stimulates spontaneous behavior by using two selected activities. Both activities are best performed 
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when using both hands. However, one task demands the use of both hands (stringing beads), while the other task merely stimulates the use of both hands 
(decorating a muffin). It is presumed that the more demanding beads task 
reflects a child’s maximal upper-limb capacity, whereas the less demanding 
muffin task reflects a child’s natural performance using the affected arm and 
hand. The difference in the duration of hand use between the beads and muffin task is regarded as an indicator of developmental disregard. The VOAA-DDD was shown to be both reliable and valid.49 Recently, the activities used in the 
VOAA-DDD have been refined to even better differentiate between demanding and stimulating the use of both hands. 
Discrepancy between capacity and performance As for the phenomenon that many adults with stroke and children with CP use their affected arm and hand less than their underlying functions and capacities would predict, the explanatory mechanisms are not clear. From a behavioral perspective, this phenomenon is referred to as “learned nonuse” in stroke and “developmental disregard” in CP. The basic notion behind learned nonuse following stroke is that certain residual motor capacities of the affected upper limb remain hidden due to unsuccessful learning experiences (i.e., negative reinforcement). In CP, certain motor capacities may not have been developed at all, which could also explain the lack of spontaneous use referred to as developmental disregard. Consequently, movements with the less- or non-affected arm and hand that are easier to perform are favored.8 From a neurocognitive perspective, the underlying processes concerning the lack of use of the affected upper limb in stroke and CP may also be related to the attentional processes involved in motor control. Previous studies on postural control in stroke have shown that, in some cases, learning or training effects 
are mainly reflected in changes within the underlying visual and cognitive processes rather than in the motor processes per se.50,51 These findings are relevant for upper-limb motor control in stroke and CP as well. When a motor task requires a disproportional amount of attentional resources due to a lack 
of automaticity, this specific task is likely to be avoided particularly when an alternative, more automatic, motor strategy can be selected by using the non-affected upper limb. An important reason for this avoidance behavior is that when at the same time a concurrent attention-demanding task has to be performed (e.g., maintaining a conversation), the general attentional capacity may be over-demanded, leading to errors or delays in the performance of one 
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or both tasks.52 This phenomenon is referred to as dual-task interference.53 Another reason for such avoidance behavior is the prevention of mental fatigue which is often associated with increased attentional demands. Therefore, even 
when a patient is able to execute a certain motor task in a specific setting (i.e., capacity), it is not altogether evident that this person will execute the same activity in daily life (i.e., performance). Increased attentional load and mental fatigue could be factors to explain the often observed discrepancy between upper-limb capacity and performance.Because of the shortcomings of available measures to assess upper-limb capacity and performance in stroke and CP, new or improved observational scales are much needed. Furthermore, in order to better understand the often observed discrepancy between upper-limb capacity and performance in stroke and CP, it was believed that the underlying mechanisms of this phenomenon needed to be investigated. In this thesis, both these aspects of upper-limb assessment will be addressed. 
Outline of this thesisIn part one of this thesis, two observational scales for the assessment of upper-limb capacity in stroke and CP are investigated for their psychometric properties. First, the Stroke Upper Limb Capacity Scale (SULCS) is presented that was developed because of the shortcomings of existing instruments. 
Specifically, the SULCS was designed to measure only the construct upper-limb capacity, and to be suitable for patients with as well as without hand-related capacity. The SULCS therefore consists of hierarchically ordered meaningful daily-life activities for both basic and advanced upper-limb capacity. In 
Chapter 2, the development and scale properties of the SULCS are described; these include the scalability, unidimensionality and hierarchy of the scale, the 
performance of the scale in different subgroups, and floor and ceiling effects. In Chapter 3, the reliability and validity of the SULCS are reported. The SULCS was also used to evaluate functional recovery of the upper limb in inpatients admitted to a rehabilitation center after stroke; the observed effects of time and rehabilitation on the capacity of the upper limb assessed with the SULCS are presented in Chapter 4. The main goal of this study was to investigate which characteristics predict the recovery of dexterity in patients without any dexterity at the start of their rehabilitation. The second observational scale that was investigated was the revised version of the VOAA-DDD. As mentioned 
above, the existing VOAA-DDD was refined to improve the discrimination 
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between upper-limb capacity and performance in children with CP. In Chapter 
5, this revised version was tested for its construct validity and intra-rater, inter-rater, and test-retest reliability.In part two of this thesis, the underlying mechanisms of the often observed discrepancy between upper-limb capacity and performance are addressed from a neurocognitive perspective. This new perspective relates learned nonuse in stroke and developmental disregard in CP to attentional demands of upper-limb motor control. In adults with stroke, an experimental dual-task paradigm was developed to assess the attentional demands of a circle-drawing task. In Chapter 6, this circle-drawing task was validated to be used in adults with stroke by examining whether it could discriminate between patients and healthy control subjects and whether task performance was related to stroke severity. In Chapter 7, a dual-task paradigm consisting of the circle-drawing task and a concurrent auditive cognitive task was tested in patients with stroke and healthy control subjects to examine whether patients suffer from a lack of automaticity of using the affected upper limb and whether attentional demands could be reduced by providing gravity support. Finally, in Chapter 
8, a neurocognitive perspective was applied to children with CP to provide an explanation for developmental disregard by reviewing and discussing the 
attentional demands of upper-limb motor control. Specific recommendations are provided as to how to assess the attentional demands of upper-limb use in children with CP. 
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Abstract
Objectives: To develop an easy-to-use scale that measures upper limb capacity, according to the International Classification of Functioning Disability 
and Health definition, in patients after stroke, and to investigate certain psychometric properties of this scale.
Design: Cohort study.
Setting: Inpatient department of a rehabilitation center.
Participants: Patients (N=546; mean age ± SD, 60.1±11.2y; 56% men) undergoing rehabilitation after stroke.
Interventions. Not applicable.
Main Outcome Measures: Mokken scale analysis was used to investigate 
the following psychometric properties: (1) fit of the monotone homogeneity model, indicating that the items form a scale; (2) unidimensionality, indicating 
that the items measure only 1 concept (or construct); (3) fit of the double monotonicity model, indicating invariant (hierarchical) item ordering; (4) differential item functioning (DIF), indicating the validity of comparison between subgroups, and (5) internal consistency, indicating the degree of interrelatedness of the items. The mean time needed to complete the scale was calculated to indicate (6) feasibility.
Results: The Stoke Upper Limb Capacity Scale (SULCS) was developed on 
the basis of interviews with experts. Ten of 15 items had (1) good fit of the 
monotone homogeneity model (coefficient H=.88), were (2) unidimensional, 
and had (3) good fit of the double monotonicity model (coefficient HT=.71), (4) absence of DIF (Crit-values <40), and (5) good internal consistency (coefficient 
ρ=.96). When applying start-and-stop rules, the (6) feasibility of the SULCS was good (6min).
Conclusion: The SULCS is an easy-to-use, unidimensional, hierarchical, and internally consistent scale that assesses upper limb capacity in patients after stroke.
2PSYCHOMETRIC PROPERTIES OF THE SULCS
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IntroductionApproximately 70% of stroke survivors have upper limb paresis or even paralysis in the acute phase, which makes restoration of upper limb capacity an important goal in poststroke rehabilitation.1 Upper limb capacity can be 
defined, according to the International Classification of Functioning, Disability and Health (ICF), as “the execution of a task or action involving the upper limb by an individual in a ‘standardized’ environment”.2 Upper limb capacity differs from upper limb performance with respect to the environment in which the task or action takes place: capacity relates to a “standardized” and “optimum” environment, (e.g. a test environment), whereas performance relates to the “current” environment (e.g. home environment). The primary goal of upper limb rehabilitation after stroke is to optimize the capacity of the paretic arm and hand to execute meaningful tasks, ultimately improving daily life performance of both unimanual and bimanual activities. From a clinical and 
scientific perspective, it is therefore important to have an upper limb capacity 
scale that is able to assess natural recovery as well as the efficacy of specific interventions in patients with different degrees of stroke severity. Existing upper limb capacity scales have several shortcomings. Some measures, such 
as the Jebsen-Taylor Hand Function Test,3 the Box and Block Test,4 the Nine Hole Peg Test,5 and the Frenchay Arm Test,6 require sufficient hand function and are, therefore, not suitable to assess basic upper limb capacities in more severely affected patients with poor hand function. This is particularly relevant, because most patients after stroke with initial paralysis end up with poor or no hand function at all.7,8 Other measures, such as the Wolf Motor Function Test,9 the Action Research Arm Test,10 the Rivermead Motor Assessment11 and the Upper Limb Motor Assessment Scale,12 include tasks that do not require hand function. However, these measures do not purely assess upper limb capacity but also bodily functions and structures such as joint mobility and muscle strength. From this perspective, these tests do not assess 1 single ICF concept (or construct). As a result, interpretation of the outcome of these scales can be complex or even ambiguous. Furthermore, some measures, such as the Action Research Arm Test10 and the Motor Assessment Scale,12 
were found to have substantial floor effects.13 More than half of the patients admitted to a university hospital rehabilitation department (within 2 months after stroke) had a minimum score. This limits the sensitivity of these tests in 
“lower band” patients. Finally, some measures, such as the Jebsen-Taylor Hand 
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Function Test,3 the Rivermead Motor Assessment,11 the Action Research Arm Test,10 the Box and Block Test,4 the Motor Assessment Scale,12 the Arm Motor Ability Test,14 the Wolf Motor Function Test,9 and the Nine Hole Peg Test,5 are not easy to use because they require special equipment,3-5,10 or because they are rather time-consuming.3,9-12,14Because of the shortcomings of existing instruments, we decided to develop a new scale for patients after stroke, to measure only the construct of upper limb capacity (including basic capacities). Moreover, the scale should have 
no substantial floor or ceiling effects, and should be easy to administer. This study reports on the development of the scale and some of its psychometric 
properties: fit of the monotone homogeneity model, unidimensionality, fit of the double monotonicity model, differential item functioning (DIF), internal consistency, and feasibility.
Methods
Development of the instrumentA draft version of the Stroke Upper Limb Capacity Scale (SULCS) was based on extensive interviews with various experts (rehabilitation physicians, occupational and physical therapists). The aim was to create a list of items related to upper limb capacity in patients after stroke, consisting of meaningful tasks that clearly relate to daily activities in the home environment. We pretested successive draft versions in 2 pilot studies with patients after stroke, to optimize the instructions, formulate the items and response options, 
and, especially, to safeguard the content of the instrument. In the final version, which was tested in the present study, the concept of upper limb capacity was operationalized into 15 items with 2 response options (0, unable to perform the task; 1, able to perform the task). The instructions and the items in the original Dutch version and in the English version, resulting from a double forward and double back translation of the SULCS, can be found in Appendices 1 and 2, respectively. The total score consisted of the sum score for all items performed, with a higher score indicating better upper limb capacity. 
Participants
We recruited 2 groups of patients. The first group consisted of a large inception 
cohort of patients with a definite diagnosis of stroke who had been admitted to a specialized rehabilitation center between August 2001 and October 2008 
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(group 1). The exclusion criteria were normal upper limb capacity according to the treating occupational therapist, severe aphasia or cognitive impairments resulting in an inability to understand the test items, and a minimum stay of 3 weeks. The second group consisted of a small sample of consecutive eligible patients after stroke admitted to the rehabilitation center after October 2008, 
fulfilling the same selection criteria (group 2).
ProcedureSociodemographic and clinical characteristics were obtained from the medical records. For each participant, the treating occupational therapist completed the SULCS within a week after admission to the rehabilitation center, and again 
during the week before discharge. Admission and discharge data on the first 
400 patients in group 1 (group 1A) were used to investigate fit of the monotone 
homogeneity model, unidimensionality, fit of the double monotonicity model, 
DIF, internal consistency, and floor and ceiling effects, and to formulate so-called start-and-stop rules. Admission data on the other patients in group 1 (group 1B) were used to check the adequacy of the formulated start-and-stop rules. Admission data on patients in group 2 were used to investigate the feasibility of the SULCS.
Analysis
ParticipantsDifferences in sociodemographic and clinical characteristics between the nonparticipants and the participants in group 1 were analysed with an independent samples t-test (age) and chi-square tests (sex, cause and location of stroke). We also analyzed the same differences between the participants in groups 1A and 1B, and the participants in groups 1 and 2.
Mokken scale analysis
We used Mokken scale analysis to investigate the fit with the monotone 
homogeneity model, unidimensionality, fit with the double monotonicity model, and DIF of the SULCS items.15-17 Mokken scale analysis is a nonparametric approach to item-response theory (IRT). IRT is the class of psychometric models for scale construction assuming that observed responses to items can be explained by a latent trait (variable), in our case upper limb capacity. Mokken scale analysis provides ordinal information about the location of patients and items on the scale of the latent trait. Patients are ordered on this scale according 
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to their total (or sum) scores, and items are ordered according to their mean score, which is the proportion of patients who respond positively to the item.
Fit with the monotone homogeneity model
The fit of the items with the monotone homogeneity model (or scalability) implies that all the items together form a scale.15-18 Within the framework of 
Mokken scale analysis, fit of the monotone homogeneity model is evaluated with the test procedure in MSP software,16,17,a by calculating the scalability coefficient 
H. Scale criteria are met if (1) the scalability coefficients for all item pairs (Hij) 
are positive, (2) the scalability coefficients for the items in relation to the scale at issue (Hi) are at least .30, and (3) the scalability coefficient for the scale (H) is at least .30. Higher values for Hi and H indicate a better scale. A rule of thumb is that a scale is considered to be weak when H is ≥.30 but less than .40, medium when H is ≥.40 but less than .50, and strong when H is ≥.50.16,17
UnidimensionalityUnidimensionality indicates that the items of a measurement instrument assess only 1 concept.19 Within the framework of Mokken scale analysis, unidimensionality can be assessed with the search procedure in the MSP software.16,17,20 We investigated unidimensionality by stepwise increasing c, 
which is the lower boundary for the scalability coefficient H. According to Hemker et al.,21 there is unidimensionality if an item set forms 1 scale, not only at c equal to .30, but also at higher values up to c equal to .60.
Fit with the double monotonicity modelFit of the items with the double monotonicity model (or invariant item ordering) implies that the (hierarchical) ordering of the items is the same for all patients.15-18 This is evaluated by calculating coefficients HTa and HT. Criteria 
for invariant item ordering are met if the percentage of negative coefficients 
at the level of the individual patients (coefficient HTa) is less than 10, and the 
coefficient for the total set of patients (coefficient HT) is at least .30.17 The greater the HT, the greater the confidence that can be assigned to the invariant ordering of items across the latent trait.
Differential item functioningDIF, or item bias, addresses the issue of valid comparisons between subgroups of patients. An item that functions differently in subgroups of patients causes 
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differences in subgroup scores, even when the patients in the subgroups have similar capacity. As a consequence, DIF impedes valid comparisons between these subgroups. In this study we investigated DIF for (1) young versus old patients; (2) male versus female patients; (3) patients with a hemorrhagic versus an ischemic stroke; and (4) patients with a supratentorial stroke in the right versus the left hemisphere. Within the framework of Mokken scale analysis, DIF is studied by checking the assumption of equal ordering of the items on the scale of the latent trait. DIF is present if the ordering of the items differs within the subgroups that are investigated. For a detailed check of DIF, a diagnostic Crit-value is calculated.16 No DIF is present if the largest Crit-value per item is less than 40, but if the Crit-value exceeds 80, DIF probably occurs.
Internal consistencyInternal consistency (or intratest reliability) assesses the degree of 
interrelatedness of the items. We quantified this by calculating the reliability 
coefficient ρ.16,17 A reliability coefficient of .90 or more is recommended for stable decisions about individual patients.19
Floor and ceiling effects
Floor and ceiling effects were quantified by calculating the percentage of patients with the minimum and maximum total score, respectively.
Start-and-stop rulesStart-and-stop rules aim to minimize administration time, and can be formulated when there is invariant (hierarchical) item ordering. The item with the highest mean score concerns an easy task because most patients are able to perform the task, whereas the item with the lowest mean score 
concerns a difficult task because very few patients are able to perform the task. We calculated the number and percentage of patients with a difference between the total score and the scores based on the following 6 rules: start 
with the easiest task, test the items in hierarchical order from easy to difficult, and stop when the patient is unable to perform 2 consecutive tasks (rule 1), 3 consecutive tasks (rule 2), or 4 consecutive tasks (rule 3), respectively. 
Alternatively, start with the most difficult task, test the items in hierarchical 
order from difficult to easy, and stop when the patient is able to perform 2 consecutive tasks (rule 4), 3 consecutive tasks (rule 5), or 4 consecutive tasks (rule 6), respectively.
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Feasibility Feasibility of the SULCS was investigated by calculating the mean±SD time needed to complete each item that was included in the scale.
Results
ParticipantsBetween August 2001 and October 2008, 751 consecutive patients after 
stroke were eligible, and 611 (81%) fulfilled the selection criteria. Reasons for exclusion were: full upper limb capacity (n=76), severe aphasia (n=14), severe cognitive impairments (n=25), length of stay less than 3 weeks (n=20), and other reasons (n=5). Of these 611 patients, 546 (89%) were willing to participate in the study. Sociodemographic and clinical characteristics of the participants in groups 1 and 2 are summarized in table 1. 
Monotone homogeneity model fitScale criteria were met for all 15 items on admission and at discharge. Five of the 15 items were removed from the scale because they were considered to be redundant due to similar mean scores. For the remaining 10 items, the 
coefficients of scalability for the item pairs (Hij) were all positive on admission 
and at discharge, the scalability coefficients for the items in relation to the scale at issue (Hi) were all much larger than .30 on admission and at discharge, 
and the scalability coefficients of the scales (H) were .88 on admission and .93 at discharge, indicating a strong scale (table 2). These 10 items were used for the SULCS.
Unidimensionality
All 10 items fitted in the scale on admission and at discharge, even at c=.80, indicating that the SULCS is a strictly unidimensional scale. 
Double monotonicity model fitCriteria for invariant item ordering were met on admission and at discharge. 
The percentage of negative coefficients at the level of the individual patients 
(coefficient HTa) was less than 10, and the coefficient for the total set of patients 
(coefficient HT) was greater than .30 (table 2). These results indicate that the SULCS is a scale with invariant (hierarchical) item ordering.
2PSYCHOMETRIC PROPERTIES OF THE SULCS
29
Ta
b
le
 1
. S
oc
io
d
em
og
ra
p
h
ic
 a
n
d
 c
li
n
ic
al
 c
h
ar
ac
te
ri
st
ic
s 
of
 t
h
e 
n
on
p
ar
ti
ci
p
an
ts
 a
n
d
 p
ar
ti
ci
p
an
ts
 in
 g
ro
u
p
s 
1
 a
n
d
 2
Group 
1 cohort nonpar
ticipan
ts
(N=65)
Group 
1 cohort partici
pants (N=546
)
Group 
1 cohort nonpar
ticipan
ts
 vs. par
ticipan
ts
Group 
1A
co
ho
rt
 fi
rs
t 4
00
 
partici
pants (N=400
)
Group 
1B
cohort
 other partici
pants (N=146
)
Group 
1A
vs. grou
p 1B cohort partici
pants
Group 
2 sample partici
pants (N=30)
Group 
1 cohort vs. grou
p 2 sample partici
pants
Age (y)
61.9±1
1.7
60.1±1
1.2
.24*
59.7±1
1.1
61.3±1
1.5
.13*
62.4±1
4.0
.29*
Sex Mal
e
34 (52
.3)
308 (5
6.4)
.53†
220 (5
5.0)
88 (60
.3)
.27†
19 (63
.3)
.46†
Female
31 (47
.7)
238 (4
3.6)
180 (4
5.0)
58 (39
.7)
11 (36
.7)
Stroke 
locatio
n
Left he
misphe
re
30 (46
.2)
227 (4
1.6)
.77†
149 (3
7.3)
78 (53
.4)
.003†
17 (56
.7)
.26†
Right h
emisph
ere
28 (43
.1)
251 (4
6.0)
198 (4
9.5)
53 (36
.3)
10 (33
.3)
Other
7 (10.8
)
68 (12
.5)
53 (13
.3)
15 (10
.3)
3 (10.0
)
Cause o
f stroke Hemor
rhage
13 (20
.0)
123 (2
2.5)
.64†
112 (2
8.0)
11 (7.5
)
<.001†
6 (20.0
)
<.001†
Infarct
ion
52 (80
.5)
423 (7
7.5)
288 (7
2.0)
135 (9
2.5)
23 (76
.7)
Other
1 (3.3)
NOTE. 
Values 
are me
an±SD,
 N (%),
 or as o
therwi
se indi
cated. 
*P-valu
e (2-ta
iled) in
depend
ent t-te
st; †P-v
alue (2
-tailed)
 χ
2 -test
CHAPTER 2
30
Table 2. Fit of the monotone homogeneity model, fit of the double monotonicity model, 
differential item functioning, internal consistency, floor and ceiling effects, and total 
scores on the Stroke Upper Limb Capacity Scale on admission and at discharge.
Group 1A cohort first 400 participants (N=400)Admission(N=400) Discharge(N=323)Item* Mean† Hi‡ Mean Hi1. Using the forearm for support while seated .82 .80 .94 .932. Clamping an object between torso and upper arm .69 .88 .85 .963. Sliding an object across a table while seated .69 .87 .81 .964. (Partly) unscrewing a screw-top lid .56 .94 .75 .975. Picking up a glass of water and drinking from it .52 .91 .70 .976. Grasping a ball presented from a high angle .49 .88 .64 .937. Combing one’s hair .46 .88 .64 .908. Fastening buttons .41 .86 .61 .929. Writing .32 .84 .51 .9010. Manipulating coins .30 .87 .48 .94
Scalability coefficient H§  .88   .93Negative HTa values (%)|| 3 0
Coefficient of invariant item ordering HT¶ .71 .93
Crit-value#Age (young vs. older patients) 0 0Sex (male vs. female patients) 0 0Cause of stroke (hemorrhagic vs. ischemic) 0 0Stroke location (right vs. left hemisphere) 0 0
Reliability coefficient ρ** .96 .97Floor effect (%)†† 14 5Ceiling effect (%)‡‡ 20 42Total score$$Median 6 9Interquartile range  1-9   3-10*Items in hierarchical order. The nonabbreviated item text can be found in the appendices; †Item mean score, indicating the proportion of patients able to perform the task. Items with 
a high mean score indicate an easy task. Items with a low mean score indicate a difficult task; 
‡Scalability coefficient Hi of the item in relation to the scale (range 0-1 under the monotone homogeneity model). A minimum value of Hi=.30 is recommended; §Scalability coefficient 
H for the scale (range 0-1 under the monotone homogeneity model). A scale is considered to be strong when H≥.50. ||Percentage of negative coefficient of invariant item ordering HTa 
at the level of the individual patients. A percentage of <10 is recommended; ¶Coefficient of invariant (hierarchical) item ordering HT for the total set of patients. A minimum value of 
HT=.30 is recommended; #Crit-value per item. No differential items function is present if the largest Crit-value per item is <40; **Reliability coefficient for the scale (range 0-1 under the 
monotone homogeneity model). Coefficient ρ≥.90 is recommended for stable decisions about individual patients; ††Percentage of patients with a minimum total score; ‡‡Percentage of patients with a maximum total score; §§Total score range from 0 to 10; higher total scores indicate better upper-limb capacity.
2PSYCHOMETRIC PROPERTIES OF THE SULCS
31
Differential item functioningNo DIF was found between the 4 comparison groups on admission or at discharge. All Crit-values were less than 40 (table 2), indicating that the SULCS is valid when comparing subgroups differing in age, sex, cause and location of stroke.
Internal consistencyThe internal consistency of the SULCS was excellent, as indicated by a 
coefficient ρ of .96 on admission and .97 at discharge (table 2).
Floor and ceiling effectsThe number of patients with a minimum total score varied from 14% on admission to 5% at discharge, whereas the number of patients with a maximum total score varied from 20% on admission to 42% at discharge (table 2). This indicates that the SULCS possibly has a ceiling effect for patients with good upper limb capacity.
Start-and-stop rulesThe percentages of patients with a difference between the SULCS total score 
and the score based on a specific start-or-stop rule are summarized in table 
3. Based on these findings, we recommend start-and-stop rule 2 (start with the easiest task and stop after 3 consecutive failures) or 5 (start with the most 
difficult task and stop after 3 consecutive completions), because these rules 
combine a small percentage of difference scores with a significant decrease in administration time.
FeasibilityThe mean±SD time needed to administer the SULCS was 33±19 seconds (item 1), 28±14 seconds (item 2), 32±21 seconds (item 3), 33±13 seconds (item 4), 27±22 seconds (item 5), 22±13 seconds (item 6), 32±13 seconds (item 7), 81±34 seconds (item 8), 87±40 seconds (item 9), 75±49 seconds (item 10), respectively. After applying start-and-stop rules 2 and 5, the mean±SD time needed to administer the SULCS in group 1B was 5.3±2.5 and 6.1±1.4 minutes, respectively. 
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Table 3. Adequacy of start-and-stop rules for the Stroke Upper Limb Capacity Scale
Start-and-stop rules Group 1B cohort other participants(N=146)1. Start Easiest taskStop Unable to perform 2 consecutive tasksDifference, N (%) 0 134 (91.8)*1 9 (6.2)>1 3 (2.1)Administration time (min) 4.7±2.7†2. Start Easiest taskStop Unable to perform 3 consecutive tasksDifference, N (%) 0 144 (98.6)1 1 (0.7)>1 1 (0.7)Administration time (min) 5.3±2.53. Start Easiest taskStop Unable to perform 4 consecutive tasksDifference, N (%) 0 145 (99.3)1 1 (0.7)>1 0 (0)Administration time (min) 5.6±2.34. Start Most difficult taskStop Able to perform 2 consecutive tasksDifference, N (%) 0 128 (87.7)1 15 (10.3)>1 3 (2.1)Administration time (min) 5.6±1.85. Start Most difficult taskStop Able to perform 3 consecutive tasksDifference, N (%) 0 137 (93.8)1 9 (6.2)>1 0 (0)Administration time (min) 6.1±1.46. Start Most difficult taskStop Able to perform 4 consecutive tasksDifference, N (%) 0 139 (95.2)1 7 (4.8)>1 0 (0)  Administration time (min)  6.4±1.2* Number and percentage of patients with a difference between the SULCS total score, based on the sum score of all items, and the score based on the start-and-stop rule applied; † The mean±SD time needed to administer the SULCS
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DiscussionThis article describes the development and assessment of certain psychometric properties of the SULCS, a measure of upper limb capacity according to 
the ICF definitions2 that includes items on both basic upper limb capacity (requiring little or no hand function) and advanced upper limb capacity (requiring moderate to good hand function). The SULCS consists of 10 easy-to-perform and meaningful tasks related to daily activities in the patient’s home environment. Initial testing indicated that the SULCS is a unidimensional, hierarchical and internally consistent scale that takes only a few minutes to administer.The psychometric properties of the SULCS were investigated in a cohort of 
patients after stroke undergoing rehabilitation. Most patients who fulfilled the selection criteria (89%) participated in our study, and no statistically 
significant difference was found between the sociodemographic and clinical characteristics of the nonparticipants and participants. We therefore think that the study population was representative for patients undergoing inpatient rehabilitation in our center. There were slight differences between groups 1A and 1B, and groups 1 and 2 with respect to the clinical characteristics of the participants, but despite these differences, we believe that the psychometric properties of the SULCS are comparable in these groups because the differences did not result in DIF.In general, testing of the psychometric properties of the SULCS yielded very good results. We found, among other things, invariant (hierarchical) item 
ordering in group 1A, and confirmed this finding in group 1B. The fact that the SULCS items have a hierarchical ordering is, in our opinion, a great advantage because it enabled us to formulate start-and-stop rules, thus decreasing the time needed to administer the test. Moreover, when applying start-and-stop 
rules, patients no longer have to perform tasks that are too easy or too difficult for them. For patients with severe limitations we recommend start-and-stop rule 2, and for patients with slight limitations we recommend rule 5.
Study limitationsWe investigated the psychometric properties of the SULCS in patients in a single rehabilitation center. Future research should, therefore, replicate our 
findings in other rehabilitation centers and investigate the psychometric properties in other settings, such as hospitals and nursing homes.
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With respect to the psychometric properties, a point of concern may be the 
42% of patients with a maximum score at discharge. This may reflect a true phenomenon (patients with a maximum score have full upper limb capacity) or a shortcoming of the test (the test is unable to discriminate in “upper band” patients). Future research should endeavor to decrease this percentage by 
adding more difficult tasks. However, this paper focuses only on certain psychometric properties of the SULCS. In a companion article, we report other important psychometric properties of the SULCS (i.e., interrater reliability and construct validity), and compare these properties to those of existing measurement instruments. Future research should investigate the intrarater reliability of the SULCS.
Conclusions
The SULCS is a new unidimensional, hierarchical, and internally consistent 
scale that assesses upper limb capacity, as defined by the ICF, in patients after stroke. The instrument is easy-to-use, based on well documented start-and-stop rules.
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Appendix 1. Stroke Upper Limb Capacity Scale (SULCS) – Dutch version
Score 0 = de patiënt is niet in staat de taak uit te voeren op de beschreven manier
 1 = de patiënt is in staat de taak uit te voeren op de beschreven manier
Bijlage A Algemene instructies en lijst van testmaterialen voor SULCS
Bijlage B SULCS formulier taken 9 en 10
NB
Optie 1: start de test bij taak 1 en werk van hieruit verder. Als 3 opeenvolgende taken niet kunnen worden uitgevoerd, wordt 
de test gestopt. De resterende taken krijgen de score 0.
Optie 2: start de test bij taak 10 en werk van daaruit terug. Als 3 opeenvolgende taken wel kunnen worden uitgevoerd, wordt 
de test gestopt. De resterende taken krijgen de score 1.
Beschrijving Foto Score
1
Wat
  
Hoe
Voorbereiding 
 
 Taak
 
 NB
 
In zittende positie de onderarm gebruiken 
voor steun
Naar voren reiken, leunend op de aangedane 
onderarm
De patiënt zit aan een tafel. De aangedane 
onderarm ligt op tafel, parallel aan de rand waar 
de patiënt zit. Een pen ligt op de tafel, voor de 
aangedane elleboog en dusdanig ver weg dat 
complete extensie van de niet-aangedane arm 
en beweging van de romp nodig zijn om de pen 
te bereiken.
De patiënt reikt naar voren met de niet-
aangedane hand om de pen op te pakken. De 
aangedane onderarm wordt gebruikt als steun.
De aangedane arm mag niet verschuiven 
wanneer de patiënt naar voren reikt om de pen 
op te pakken.
2
Wat
  
Hoe
Voorbereiding
 Taak
 
NB
Een voorwerp klemmen tussen romp en 
bovenarm 
De aangedane arm stevig tegen de zijkant 
van het lichaam drukken
De patiënt staat (zit zo nodig) aan een tafel. Een 
in de lengterichting dubbelgevouwen tijdschrift 
ligt op de tafel. De aangedane bovenarm hangt 
vrij naast het lichaam.
De patiënt pakt het tijdschrift met de niet-
aangedane hand op en klemt het tussen de 
romp en de aangedane bovenarm. 
Het tijdschrift moet 10 seconden stevig worden 
vastgehouden. De therapeut controleert dit, zo 
nodig, door zachtjes aan het tijdschrift te trekken.
3
Wat
  
Hoe
Voorbereiding
 
 Taak
 
NB
 
In zittende positie een voorwerp over een 
tafel schuiven 
Gecontroleerd schuivend bewegen van de 
aangedane hand
De patiënt zit aan een tafel. De aangedane hand 
ligt op tafel op een in vieren gevouwen theedoek, 
met de palm naar beneden en de vingers naar 
voren gericht.
De patiënt schuift de theedoek naar voren over 
de tafel.
De elleboog moet minstens 160° geëxtendeerd 
worden, en mag van de tafel worden getild. 
Volledig geëxtendeerde vingers zijn niet 
noodzakelijk.
4
Wat 
 
Voorbereiding
 
 Taak
 
NB
Het (gedeeltelijk) opendraaien van een 
schroefdeksel
De patiënt zit aan een tafel met beide armen op 
de tafel. Een gesloten pindakaaspot met een 
plastic schroefdeksel staat 15 cm voor de patiënt 
op de tafel.
De patiënt houdt de pot met de niet-aangedane 
hand stevig op tafel en gebruikt de aangedane 
hand om de deksel minstens een kwartslag open 
te draaien. 
De pot moet op dezelfde plaats op de tafel 
blijven staan en mag niet draaien.
5
Wat 
Voorbereiding
 Taak
NB
Een glas water oppakken en eruit drinken  
De patiënt zit aan een tafel met beide armen op 
de tafel. Een halfvol glas met water staat 15 cm 
voor de patiënt op de tafel.
De patiënt pakt het glas op van de tafel met de 
aangedane hand, neemt een slok en zet het glas 
terug op tafel zonder te morsen.
De niet-aangedane hand wordt niet gebruikt. 
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6
Wat
 
Voorbereiding
 Taak
Een vanuit een hoge positie aangeboden bal 
grijpen 
De patiënt staat (zit zo nodig) zonder andere 
steun binnen bereik. De therapeut houdt een 
tennisbal voor de patiënt boven de aangedane 
schouder zodanig dat de patiënt de aangedane 
arm volledig moet extenderen en ±120° moet 
heffen om de tennisbal te grijpen.
De patiënt reikt naar de bal en pakt hem met de 
aangedane hand.
7
Wat 
Voorbereiding
 Taak
NB 
Haar kammen
De patiënt staat (zit zo nodig) aan een tafel. Een 
kam ligt binnen bereik op de tafel. 
De patiënt kamt het haar aan de bovenzijde en 
aan beide zijkanten van het hoofd met tenminste 
twee slagen. 
Het hoofd moet recht worden gehouden. De 
patiënt mag de zijkanten van het hoofd vanaf 
boven of vanaf opzij bereiken. Wanneer de 
persoonlijke situatie minder geschikt is voor deze 
test, mag een ‘alsof’ beweging worden gemaakt.
8
Wat
Hoe 
Voorbereiding
 Taak
NB
Knopen sluiten 
Met twee handen werken
De patiënt zit aan een tafel. Een overhemd ligt 
op de tafel direct voor de patiënt. De kraag ligt 
bovenaan, naar boven gericht. De bovenste 
knoop zit dicht, alle andere zijn los.
De patiënt sluit vier knopen binnen 60 seconden 
met beide handen.  
De aangedane vingers moeten actief worden 
gebruikt om het materiaal of de knoop vast te 
houden, of om het knoopsgat open te houden.
9
Wat
Hoe 
Voorbereiding
 
Taak
 
NB
 
 Taak
 
NB
Schrijven
Zie bijlage B
De patiënt zit aan een tafel. Het vel papier, 
toegevoegd als bijlage B, ligt 15 cm voor de 
patiënt op de tafel. Een pen ligt op het vel papier. 
(Versie 1: de aangedane zijde is niet de 
dominante zijde) 
De patiënt pakt de pen en tekent drie cirkels 
tussen de twee cirkels op het vel, zonder de 
geprinte of reeds getekende cirkels te raken. 
Leg de instructies van tevoren volledig uit 
en stel de patiënt voor dichtbij de binnenste 
cirkel te beginnen. De patiënt mag het papier 
verplaatsen.
(Versie 2: de aangedane zijde is de dominante 
zijde) 
De patiënt pakt de pen en schrijft zijn/haar 
voor- en achternaam leesbaar in zijn/haar eigen 
handschrift tussen de lijnen. 
De patiënt mag het papier verplaatsen.
10
Wat
Hoe 
Voorbereiding
Taak
 
NB
 
Munten manipuleren
Zie bijlage B
De patiënt zit aan een tafel. Het vel papier, 
toegevoegd als bijlage B, ligt op tafel, direct voor 
de patiënt. Er liggen een 50 eurocent munt, een 
2 eurocent munt en een 1 eurocent munt op 
tafel. De aangedane onderarm ligt op tafel met 
de handpalm omhoog gericht. De patiënt pakt de 
munten met de niet-aangedane hand en stopt ze 
in de aangedane hand. 
De patiënt manipuleert de munten in de 
aangedane hand één voor één tot tussen de 
toppen van de duim en wijsvinger en legt ze op 
hun aangewezen plaats op het papier. 
Het maakt niet uit in welke volgorde de munten 
op de daartoe aangewezen plaats worden 
gelegd. Tijdens de manipulatie moet de 
onderarm op tafel rusten.
TOTALE SULCS SCORE
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BIJLAGE A: ALGEMENE INSTRUCTIES EN LIJST VAN TESTMATERIALEN VOOR SULCS
Instructies en toelichting
1. De 10 taken op de lijst zijn geordend naar moeilijkheid en complexiteit. 
2. De taken worden staand of zittend uitgevoerd. Het is toegestaan om af te wijken van de voorgeschreven volgorde van 
de taken uit praktische overwegingen.
3. Alle taken moeten zonder hulp worden uitgevoerd.
4. Het is belangrijk om te scoren of de taak kan worden uitgevoerd volgens de instructies (wel in staat/niet in staat), niet 
hoe de kwaliteit van de uitvoering is.
5. Indien nodig mogen de instructies worden herhaald of mag de taak worden voorgedaan.
6. Het starten met ofwel taak 1 ofwel taak 10 wordt bepaald door vooraf de arm- en handvaardigheid in te schatten. Start 
met taak 1 bij weinig vaardigheid en start met taak 10 bij veel vaardigheid.
Testmaterialen
•	 Een in hoogte verstelbare tafel.
•	 Een stoel.
•	 Een pen.
•	 Een tijdschrift ongeveer A4 formaat (± 210 gram) in de lengterichting dubbelgevouwen. 
•	 Een theedoek.
•	 Een lege pindakaaspot,  ± 400 gram, met een plastic schroefdeksel (± 20 mm hoog, diameter schroefdeksel ± 77 mm). 
De gesloten deksel en pot zijn dusdanig gemarkeerd met een markeerstift dat iedere keer dat de pot hersloten wordt, 
zoals na normaal gebruik, de lijnen op dezelfde hoogte zitten (doel: de moeilijkheidsgraad is hetzelfde iedere keer dat 
de test wordt uitgevoerd).
•	 Een longdrink glas (diameter ± 55 mm, ± 150 mm hoog).
•	 Een tennisbal.
•	 Een kam.
•	 Een overhemd.
•	 Een stopwatch.
•	 Drie munten van verschillende grootte: een 50 eurocent munt, een 2 eurocent munt en een 1 eurocent munt, of andere 
munten van gelijke grootte en gewicht.
•	 Bijlage B.
Contactinformatie
Meer informatie over de inhoud van de SULCS kunt u online vinden: http://www.maartenskliniek.nl/kenniscentrum-rde/
innovaties
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BIJLAGE B:  SULCS FORMULIER TAKEN 9 EN 10
TAAK 9
NB: Deze taak wordt alleen uitgevoerd als de dominante zijde is aangedaan
Schrijf uw naam in uw eigen handschrift tussen deze lijnen, zonder over de lijnen te gaan:
 
NB: Deze taak wordt alleen uitgevoerd als de niet-dominante zijde is aangedaan
Teken drie cirkels tussen de geprinte cirkels zonder de geprinte en reeds door u getekende cirkels te raken:
TAAK 10
Leg de munten op de goede plaats:
 50 eurocent  2 eurocent  1 eurocent
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Appendix 2. Stroke Upper Limb Capacity Scale (SULCS) – English version
Score 0 = patient is unable to perform the task in the manner described 
 1 = patient is able to perform the task in the manner described
Appendix A General instructions and list of test materials for SULCS 
Appendix B SULCS form tasks 9 and 10
Note 
Option 1: start the test with task 1 and work forwards from there. When 3 consecutive tasks cannot be performed, the test 
may be stopped. Each remaining item is scored with 0. 
Option 2: start the test with task 10 and work backwards from there. When 3 consecutive tasks can be performed, the test 
may be stopped. Each remaining item is scored with 1.
Description Picture Score
1
What 
How
Preparation
 
 Task
 
 
Note
Using the forearm for support while seated
Reaching forward across the body, leaning 
on the affected forearm
The patient is seated at a table. The affected 
forearm is on the table, parallel to the edge 
where the patient is sitting. A pen is placed on 
the table, in front of the affected elbow and far 
enough away so that complete extension of the 
non-affected arm and movement of the upper 
torso is needed to reach the pen.
The patient reaches to pick up the pen with the 
non-affected hand. The affected forearm is used 
as a support.
The affected arm must not shift as the patient 
reaches forward to pick up the pen.
2
What 
 
How
 
Preparation
 
 Task
 
 
Note
 
Clamping an object between torso and upper 
arm
Pressing the affected arm firmly against the 
side of the body 
The patient is standing (sitting, if necessary) at 
a table. A magazine folded lengthways in half is 
on the table. The affected upper arm is hanging 
freely next to the body.
The patient picks up the magazine with the non-
affected hand and clamps it between the torso 
and the affected upper arm.
The magazine must be held firmly for 10 
seconds. The therapist checks this, if necessary, 
by lightly pulling on the magazine.
3
What 
How
 
Preparation
 
 
 Task
 
Note
 
Sliding an object across a table while seated 
Using controlled sliding movement of the 
affected hand
The patient is seated at a table. The affected 
hand is on the table on a tea towel that has been 
folded in four, with the palm facing downwards 
and the fingers pointing forwards.
The patient pushes the tea towel forwards over 
the table.
The elbow must be extended by at least 160°, 
and may be lifted off the table. Fully extended 
fingers are not necessary.
4
What 
Preparation
 
 Task
Note
(Partly) unscrewing a screw-top lid
The patient is sitting at a table with both arms 
on the table.  A closed peanut butter jar with a 
plastic screw-top lid is 15 cm/6 inches in front of 
the patient on the table. 
The patient holds the jar firmly on the table with 
the non-affected hand and, using the affected 
hand, turns the lid at least a quarter of a turn. 
The jar must remain in the same place on the 
table and may not turn. 
5
What 
 
Preparation
 Task
Note
Picking up a glass of water and drinking 
from it  
The patient is sitting at a table with both arms on 
the table. A glass, ½ filled with water, is 15 cm/6 
inches in front of the patient on the table.
The patient picks up the glass from the table 
with the affected hand, takes a drink and places 
the glass back on the table without spilling.
The non-affected hand is not used. 
2PSYCHOMETRIC PROPERTIES OF THE SULCS
41
6
What 
Preparation
 
 Task
  
Grasping a ball presented from a high angle
The patient is standing (sitting, if necessary) 
with no other support within reach. The therapist 
holds a tennis ball in front of and above the 
affected shoulder in such a way that the patient 
has to fully extend the affected arm and must 
raise the arm ±120° to grasp the tennis ball.
The patient reaches for the ball and takes it with 
the affected hand.
7
What 
Preparation
 Task
Note
 
Combing one’s hair
The patient is standing (sitting, if necessary) at a 
table. A comb is within reach on the table.
The patient combs his/her hair with at least two 
strokes on the top and each side of the head.
The head should be held straight. The patient 
may reach the sides from above or from the 
side. Where the personal situation is less suited 
to this test, an ‘as-if’ movement should be made. 
8
What
How 
Preparation
 Task
Note
 
Fastening buttons 
Working with two hands
The patient is sitting at a table. A man’s shirt is 
on the table directly in front of the patient. The 
collar is at the top, facing upwards. The top 
button is fastened, all the others are unfastened.
The patient fastens four buttons within 60 
seconds using both hands. 
The affected fingers must be used actively, 
either to hold the material or the button, or to 
keep open the button hole.
9
What
How 
Preparation
 
 
Task
 
 
 
Note
 
 Task
 
 
Note
Writing
See Appendix B
The patient is sitting at a table. The sheet of 
paper, included as Appendix B, is 15 cm/6 
inches in front of the patient on the table. A pen 
is on the sheet of paper.
(Version 1: the affected side is not the dominant 
side) 
The patient picks up the pen and draws three 
circles between the two circles on the sheet, 
without touching the edges of the printed circles 
or any circle already drawn. 
Explain the instructions in full before-hand and 
suggest that the patient starts near to the inner 
circle. The patient may move the sheet of paper.
(Version 2: the affected side is the dominant 
side) 
The patient picks up the pen and writes his/
her first and last name legibly in his/her own 
handwriting between the lines. 
The patient may move the sheet of paper.
10
What
How 
Preparation
 
 
Task
 
Note
Manipulating coins
See Appendix B
The patient is sitting at a table. The sheet 
of paper, included as Appendix B, is on the 
table, directly in front of the patient. There are 
a 50 eurocent coin, a 2 eurocent coin and a 1 
eurocent coin (or their equivalents in size and 
weight) on the table. The affected forearm is on 
the table with the hand facing palm-up. Using 
the non-affected hand, the patient puts the coins 
in the affected hand.
The patient manipulates the coins within the 
affected hand, one at a time to between the tips 
of the thumb and index finger and places them 
on their designated positions on the sheet. 
It does not matter in which order the coins are 
placed in their designated spots. During the 
manipulation, the forearm must rest on the table.
TOTAL SULCS SCORE
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APPENDIX A: GENERAL INSTRUCTIONS AND LIST OF TEST MATERIALS FOR SULCS
Instructions and explanation
1. The 10 tasks on the list are in order of difficulty and complexity.
2. The tasks are performed either standing or sitting. It is permissible to deviate from the prescribed order of the tasks 
for practical reasons. 
3. All tasks must be performed unaided. 
4. It is important to score whether the task can be performed in line with the instructions, (able/unable), not the quality 
of how it is performed.
5. If necessary, it is permissible to repeat the instructions or to demonstrate the task.
6. Starting with either task 1 or task 10 can be decided by making a before-hand judgment of the level of upper limb 
capacity. Start with task 1 for low capacity and task 10 for high capacity. 
Test materials
•	 A height-adjustable table.
•	 A chair.
•	 A pen.
•	 A weekly magazine approximately A4 or Letter size (± 210 grams/7 ½ ounces) folded in half lengthways. 
•	 A tea towel.
•	 An empty peanut butter jar, ± 400 grams/12 fluid ounces, with a plastic screw top lid (± 20 mm/0.8 inches high, 
diameter lid ± 77 mm/3 inches). The closed lid and the jar are marked with a marker pen so that each time the jar is 
re-closed, as it would be after normal use, the marks line up (goal: to ensure that the degree of difficulty is the same 
each time the test is carried out).
•	 A long drinks glass (diameter ± 55 mm/2.2 inches, ± 150 mm/5.9 inches high).
•	 A tennis ball.
•	 A comb.
•	 A man’s shirt.
•	 A stopwatch. 
•	 Three different sized coins: a 50 euro cent coin (diameter ± 23 mm/0.9 inches), a 2 euro cent coin (diameter ± 17 
mm/0.7 inches) and a 1 euro cent coin (diameter ± 15 mm/ 0.6 inches), or their equivalents in size and weight.
•	 Appendix B.
Contact information
More information concerning the content of the SULCS can be found online at: http://www.maartenskliniek.nl/
kenniscentrum-rde/innovaties
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APPENDIX B: SULCS FORM TASKS 9 AND 10 
TASK 9
Note: This task is performed only if the dominant side is affected
Write your name in your own handwriting between the two lines, without crossing the lines:
Note: This task is performed only if the non-dominant side is affected
Draw three circles in between the printed circles, without touching the edges of the printed or any circle already drawn circles:
TASK 10
Place the coins on the correct positions:
 50 euro cent  2 euro cent  1 euro cent
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Abstract
Objective: To investigate the inter-rater reliability and construct validity of the Stroke Upper Limb Capacity Scale (SULCS). 
Design: Cohort study.
Setting: Inpatient department of a rehabilitation center.
Participants: Patients after stroke (N=21; mean age ± SD, 61.7±7.9y; 57% male), undergoing inpatient rehabilitation.
Intervention: Not applicable.
Main Outcome Measures: The SULCS was administered by occupational therapists (OTs) within 6 weeks after stroke (t1), 3 months after t1 by the same OT (t2) and within 1 week after t2 by another OT (t3). Inter-rater reliability, i.e. the repeatability between different raters, was assessed by 
calculating the Intraclass Correlation Coefficient (ICC) based on the scores at t2 and t3. Construct validity, indicating agreement with hypotheses concerning the construct that is being measured, was assessed with Spearman’s rank 
correlation coefficient (ρ). The SULCS scores were cross-sectionally correlated with those of the Action Research Arm Test (ARAT) and the Rivermead Motor Assessment (RMA) at t1, and longitudinally with the respective change scores between t1 and t2. 
Results: The SULCS (range 0-10) had a high ICC (.94; 95% confidence interval [.86-.97]) and strong cross-sectional correlation with both the ARAT and the RMA (ρ=.91 and ρ=.85, respectively), while the respective change scores showed a strong correlation with the ARAT (ρ=.71) and a moderate correlation with the RMA (ρ=.48). 
Conclusion: The SULCS has good inter-rater reliability and construct validity.
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IntroductionRecovery of the upper limb is an important aspect of stroke rehabilitation, because 70% of stroke survivors suffer from some degree of paresis in the acute phase.1 The primary goal of upper limb rehabilitation after stroke is to optimize the capacity of the paretic arm and hand to be able to execute meaningful tasks thus ultimately improving the patient’s ability to perform daily life activities. However, with regard to evaluation of the effects of rehabilitation, existing upper limb capacity scales have several shortcomings. Whereas some measures2-6 are not suitable for more severely affected patients with poor hand-related upper limb capacity, other measures7-10 combine assessment of bodily function (e.g. joint mobility, muscle strength) 
with assessment of upper limb capacity, as defined by the International 
Classification of Functioning, Disability and Health (ICF).11 As a result, these 
scales do not reflect only 1 ICF construct (“capacity”), and this complicates interpretation of the results. For these reasons, we developed a new scale: the Stroke Upper Limb Capacity Scale (SULCS).12 The SULCS was developed to measure the construct “upper limb capacity”, including basic arm capacities. The SULCS consists of 10 items representing meaningful tasks that relate to daily activities in the home environment. These tasks were selected based on extensive interviews with various experts in stroke rehabilitation (rehabilitation physicians, 
occupational and physical therapists). The final version consisted of 3 items for proximal upper limb (arm) capacity without the need for active wrist and 
finger movements, 4 items for upper limb capacity requiring basic control of 
wrist and finger movements, and 3 items for upper limb capacity requiring 
advanced control of wrist and finger movements.12,a The items are ordered 
from easy tasks to difficult tasks and each item has 2 response options (0, unable to perform the task; 1, able to perform the task). This results in a sum score ranging from 0 to 10 with a higher score indicating better capacity.  
After 2 pilot studies in which successive draft versions were tested, the final SULCS version was investigated in 546 patients after stroke for some of its psychometrics properties.12 The items of the SULCS (1) showed good fit of the monotone homogeneity model (or scalability), indicating that the items form a scale; (2) were unidimensional, indicating that the items assess only 
1 construct; (3) had good fit with the double monotonicity model, implying (invariant) hierarchical item ordering; (4) showed absence of differential item 
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functioning (DIF), indicating the validity of comparison between subgroups of patients; (5) had good internal consistency, indicating good repeatability 
of the sum score; and (6) had no substantial floor effect and possibly a ceiling effect. When applying start-and-stop-rules, based on the hierarchical items ordering, the (7) feasibility of the SULCS was good (administration time 6 minutes). The present study reports on several other psychometric properties 
of the final version of the SULCS that have not yet been investigated, namely the inter-rater reliability and the construct validity. 
Methods
ParticipantsTwenty-one patients after stroke who were admitted to a stroke ward of a regional rehabilitation center within a period of 10 months were included. At this ward, typically patients with a good potential to regain functional independence within 4 months after stroke were admitted. They were provided with, on average, 5 30-min sessions of individual physical therapy, 3 30-min sessions of individual occupational therapy, and 5 to 8 60-min group sessions of physical or occupational therapy per week. These patients formed a subgroup of a large inception cohort (N=546) described in a previous study.12 This large sample, excluding the 21 patients included in this study, was used as a reference cohort (N=525). The included patients were recruited in the order 
of their admission to the rehabilitation center, based on a definite diagnosis of unilateral stroke less than 6 weeks before, and in such a way that at least 3 and maximally 4 patients represented each recovery stage of the upper limb 
as defined by Brunnstrom.13 Patients were excluded if they had severe aphasia or cognitive impairments, resulting in inability to understand the test items, or if they suffered from co-morbidities that could interfere with their recovery potential. All participants gave written consent prior to participation in the study and all procedures adhered to the ethical standards laid down in the 1975 Declaration of Helsinki and were approved by the local ethics committee.
ProcedureSociodemographic and clinical characteristics were obtained from the medical records. The SULCS was administered at 3 occasions by 7 occupational therapists (OTs) with basic experience in the rehabilitation of patients after 
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stroke. All OTs received specific training to administer the test instruments, during which they received detailed instructions from a specialized OT and practiced the administration of all test items. In this way, it was ensured that the test items were performed uniformly and that there was consistency with 
regard to the scoring of each item. The first assessment (t1), which took place 
within the first 6 weeks after the stroke, was performed by the treating OT, who also performed the second assessment (t2) 3 months after t1. A third assessment (t3) was performed within 1 week after t2 by another OT who 
was blinded for the results of the first and second assessments. The inter-rater reliability between assessments was tested with the SULCS scores at t2 and t3. Patients were expected to have stable upper limb capacity in the period between these two measurements. For the assessment of construct validity, the SULCS scores were compared cross-sectionally with the scores for the Action Research Arm Test (ARAT) and the Rivermead Motor Assessment (RMA) at t1, and longitudinally with the respective change scores between t1 and t2. The same OT who administered the SULCS at t1 and t2 also administered the ARAT and RMA at t1 and t2. All tests were administered in random order at t1 and t2, whereas the test order was the same between t2 and t3. 
Measurements
Brunnstrom stages
Brunnstrom defined 6 sequential stages of post-stroke recovery of the upper limb during which motor selectivity increases:13 1) no voluntary movement, 
flaccid paralysis, 2) emergence of hypertonia with merely involuntary 
movement, 3) voluntary movement possible in predominant flexion synergy, 
4) increasing number of movement combinations deviating from basic flexion synergy, 5) increasing selectivity of voluntary motor control, and 6) (near) normal motor control and coordination. 
Action Research Arm Test The ARAT is an upper limb test for arm function and hand dexterity.7 The test consists of 19 items, divided into 4 sub-categories (grasp, grip, pinch, and gross movement). Every item is scored on a 4-point ordinal scale (0-3) with a higher score indicating better performance, resulting in a total score ranging between 0 and 57 points. The ARAT has been found to have good reliability, validity and responsiveness when used to assess patients after stroke.14-17 However, its hierarchy and unidimensionality were established only after the 
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removal of 4 items.18 We therefore used the entire scale, and not the frequently used decision rules proposed by Lyle.7
Rivermead Motor AssessmentThe RMA was developed to assess physical recovery after stroke, and consists of 3 sections (gross motor function, leg and trunk function, and arm function).8 For the present study we only used the arm section, which consists of 15 items designed to assess upper limb function and capacity in all stages of recovery. Items can be given a score of either 1 (item can be performed) or 0 (item cannot be performed), with a total score ranging from 0 to 15. The RMA has been found to have good reliability and validity. However, the arm section was found not to be hierarchical.19 We therefore did not apply start-and-stop rules for this scale but used the original 15-items version as described by Lincoln & Leadbitter.8
Analysis
Participants Differences in demographic and clinical characteristics between the participants of this study (N=21) and those of the reference cohort as described by Roorda et al12 (N=525) were tested with an independent samples t-test (age), chi-square tests (gender, cause of stroke, and stroke location), and a Mann-Whitney test (SULCS score). 
ReliabilityInter-rater reliability, which assesses the degree to which repeated 
measurements by different raters provide similar scores, was quantified 
with the Intraclass Correlation Coefficient (ICC) and corresponding 95% 
confidence interval (CI) between measurements at t2 and t3. The ICC relates the measurement error to the variability between subjects.20 We used the 
parametric ICC statistic instead of the nonparametric Kappa statistic, as the 
ICC takes into account the order of the items, whereas the Kappa does not. 
Furthermore, the ICC and weighted Kappa are numerically the same.21 We used the ICCagreement that included systematic differences between therapists, as recommended by Terwee et al,22 to distinguish between random variation and “real” changes due to recovery. 
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ValidityConstruct validity assesses the extent to which the sum scores of a measure relate to the scores of another measure based on theoretically derived 
hypotheses about the construct that is being measured. We first hypothesized that upper limb capacity, according to the SULCS, would be strongly and positively related to upper limb capacity according to the ARAT and the RMA, as well as to motor selectivity according to the Brunnstrom stages. This was tested by cross-sectional correlations of the SULCS scores with those of the 
ARAT and the RMA at t1, using Spearman’s rank correlation coefficients (ρ; <.40: low, .40–.70: moderate, >.70: strong)23, and by testing a main effect of 
Brunnstrom stage on the SULCS score with a Kruskal-Wallis test. Secondly, we hypothesized that change in upper limb capacity, according to the SULCS, would be moderately but positively related to change in upper limb capacity according to the ARAT and the RMA. We therefore assessed the longitudinal correlations between the SULCS and the ARAT and the RMA by calculating Spearman’s ρ of the change scores between t1 and t2. Statistical analyses were performed using SPSS 16.0,b all tests were applied 2-tailed and the level of 
significance was set at p<.05. 
Results
ParticipantsThe characteristics of the participants of this study and those of the reference cohort as described by Roorda et al12 are summarized in table 1. No significant differences were found in demographic or clinical characteristics or in the SULCS scores between these groups. 
ReliabilityThe 2 measurements of the SULCS by the different raters (at t2 and t3) 
are presented in figure 1. Median SULCS scores at t2 and t3 were both 6.0 (interquartile range [IQR] 2.0–9.5 and 2.0–8.5, respectively). The inter-rater reliability of the SULCS was good (ICC=.94; 95% CI [.86-.97]). 
Validity
The SULCS scores increased significantly with higher Brunnstrom stages (table 2). The median scores of the 3 tests, and the cross-sectional and longitudinal 
CHAPTER 3
52
 
0
1
2
3
4
5
6
7
8
9
10
0 1 2 3 4 5 6 7 8 9 10
SU
LC
S 
t3
 (r
at
er
 2
)
SULCS t2 (rater 1)
Figure 1. Graphic representation of the 2 measurements of the Stroke Upper Limb Capacity Scale (SULCS) at t2 and t3 by 2 different raters. 
Table 1. Sociodemographic and clinical characteristics of the participants
Characteristics Study participants (N=21) Reference cohort* (N=525) Study participants vs. reference cohort (P)Age, mean ± SD 61.7±7.9 60.0±11.3 .51†Sex, N (%)Men 12 (57.1) 296 (56.4) .94‡Women 9 (42.9) 229 (43.6)Stroke location, N (%)SupratentorialLeft hemisphere 9 (42.9) 242 (46.1) .65‡Right hemisphere 8 (38.1) 219 (41.7)Other 4 (19.0) 64 (12.2)Cause of stroke, N (%)Hemorrhage 3 (14.3) 120 (22.9) .36‡Infarction 18 (85.7) 405 (77.1)SULCS score, median (IQR) 2.0 (1.0-70) 6.0 (2.0-9.0) .08§SD: standard deviation; SULCS: Stroke Upper Limb Capacity Scale; IQR: interquartile range.*See Roorda et al12; †P-value (2-tailed) independent t test; ‡P-value (2-tailed) chi-square test; §P-value (2-tailed) Mann-Whitney U test
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Table 2. Median values of the Stroke Upper Limb Capacity Scale for each recovery 
stage of the upper limb as defined by Brunnstrom Brunnstrom stage N (%) Median SULCS Mean Rank*1 3 (14.3) 1.0 4.32 4 (19.0) 0.5 4.83 3 (14.3) 2.0 9.74 4 (19.0) 3.0 12.05 3 (14.3) 7.0 16.06 4 (19.0) 9.0 18.5
P-value † † <.01
NOTE. SULCS scores increased significantly with higher Brunnstrom stages.
*Kruskal-Wallis test (2-tailed); †The differences in median SULCS scores that were tested 
with a Kruskal-Wallis test are presented with the Mean Rank and corresponding P-value.
Table 3. Median scores, and cross-sectional and longitudinal correlations of the 
Stroke Upper Limb Capacity Scale (SULCS) with the Action Research Arm Test (ARAT) 
and the Rivermead Motor Assessment (RMA). 
Median score (IQR) Wilcoxon Signed-Rank Test (t1-t2) Cross-sectional correlation (t1)
Longitudinalcorrelation (t1-t2)
t1 t2 P-value ARAT RMA ARAT RMASULCS 2.0 (1.0-7.0) 6.0 (2.0-9.5) <.001 .91* .85* .71* .48†ARAT‡ 0.4 (0.0-6.3) 6.3 (0.0-8.9) <.001 § § § §RMA‡ 0.7 (0.7-6.7) 4.0 (0.7-8.0) <.01 § § § §IQR: interquartile range* P-value Spearman’s ρ <.001; † P-value Spearman’s ρ <.05; ‡ Scores for the ARAT and RMA are converted to a scale ranging from 0 to 10; §No correlations were calculated between ARAT and RMA.
correlations of the SULCS with the ARAT and the RMA are presented in table 
3. All scores increased significantly from t1 to t2. At t1, the SULCS showed 
strong cross-sectional correlations with the ARAT and the RMA (figures 2 and 3), whereas between t1 and t2 the SULCS change scores showed strong to moderate longitudinal correlations with the ARAT and the RMA change scores.
DiscussionIn this study, we investigated the reliability and validity of the SULCS, a new measure to assess upper limb capacity in patients after stroke. The results indicated that the SULCS had good inter-rater reliability (ICC=.94), which is comparable with the inter-rater reliability of the ARAT (ICC=.95; .98)14,24 and 
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Figure 3. Cross-sectional correlation of the Stroke Upper Limb Capacity Scale (SULCS) with 
the Rivermead Motor Assessment (RMA) at t1 (Spearman’s rank correlation coefficient ρ=.85); the SULCS (range 0-10) and the RMA (range 0-15) are presented on the x-axis and y-axis, respectively.
Figure 2. Cross-sectional correlation of the Stroke Upper Limb Capacity Scale (SULCS) with 
the Action Research Arm Test (ARAT) at t1 (Spearman’s rank correlation coefficient ρ=.91); the SULCS (range 0-10) and the ARAT (range 0-57) are presented on the x-axis and y-axis, respectively.
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the RMA (ICC=.88)8 as established in previous studies. The results of this study also demonstrated good construct validity of the SULCS based on high cross-sectional correlations with the ARAT and the RMA, indicating that the SULCS 
assessed the same underlying construct. However, figures 2 and 3 demonstrate that the lower half of the SULCS showed much less relationship with the ARAT and the RMA, respectively, than the upper half of the scale. Figure 2 seems to indicate that, in contrast to the SULCS, the ARAT showed very little variability in 11 “lower band” patients (SULCS score 0-3), whereas this difference 
was less pronounced for the RMA (figure 3). An explanation for the lack of variation in ARAT and RMA scores for the “lower band” patients may lie in the 
specific content of the lower SULCS items. Indeed, the first 3 SULCS items were purposely designed to assess proximal (arm) capacity without the need for 
active wrist and finger control (i.e., using the forearm for support, clamping an object between the trunk and the upper arm, and sliding an object across the 
table). As a result, the lower range of this scale may reflect between-subjects differences that are not “captured” by the other scales, which would implicate a greater sensitivity in patients with little or no hand capacity. This notion would be consistent with the lower longitudinal correlations between the SULCS on the one hand and the ARAT and RMA on the other hand compared to the cross-sectional correlations as observed in this study. It would also be consistent with previous reports indicating that the ARAT suffers from 
substantial floor effects,17 which limits its sensitivity in “lower band” patients.The psychometric properties reported in the present study are supplemental to those reported by Roorda et al.12 Taken together, the established psychometric 
properties of the SULCS warrant both scientific and clinical application in patients with various degrees of impaired upper limb capacity after stroke. The SULCS seems to be especially valuable for the assessment of severely affected patients with a poor prognosis for regaining dexterity, but who may still show clinically important improvements in proximal (arm) capacities. 
In addition, since previous studies have found that active wrist and finger extension are critical for regaining some degree of dexterity after stroke,25,26 it would be particularly interesting to investigate how many and which type of patients are able to make the transition from “no hand capacity” (SULCS scores 0-3) to “some hand capacity” (SULCS score > 3). Moreover, in order to better understand the functional recovery of upper limb capacity after stroke, the SULCS needs to be compared to clinical measures at the ICF levels of bodily functions and daily life performance27 as well as to neurophysiological 
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measures of corticospinal tract function28 (e.g. transcranial magnetic stimulation and diffusion tensor imaging). 
Study limitationsSome limitations of this study should be acknowledged. First, the observed reliability and validity of the SULCS were based on a relatively small group 
of patients which may limit the generalizability of the findings. Nevertheless, 
the participants of this study did not differ significantly in terms of sociodemographic and clinical characteristics from a larger reference cohort described by Roorda et al.12 Even though the IQR of the SULCS scores in the participants of this study was very wide (due to the small sample size), they appear to be representative for patients after stroke typically undergoing inpatient rehabilitation in the Netherlands. Second, more studies need to be conducted to assess the responsiveness of the SULCS, especially in the (sub-)acute phase after stroke and in hospital-based populations. Lastly, this study did not assess the intra-rater reliability of the SULCS. This will be established in the future. 
ConclusionThe SULCS is a new unidimensional and hierarchical measure of upper limb capacity in patients with arm-hand paresis due to stroke that has good inter-rater reliability and construct validity. Its short administration time and sensitivity in patients with no hand capacity seems to render the SULCS 
suitable for both scientific and clinical purposes. 
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Abstract
Objective: To describe recovery of dexterity after stroke during inpatient rehabilitation based on the Stroke Upper Limb Capacity Scale (SULCS).
Design: Prospective observational study.
Setting: Inpatient department of a rehabilitation center.
Participants: Patients with stroke (N=299) admitted to a specialized stroke rehabilitation center.
Main Outcome Measure: Upper-limb capacity was assessed at the start and end of the rehabilitation phase with the SULCS (range 0-10). The following demographic and clinical characteristics were registered: age, gender, side of stroke, stroke type, time since stroke, and length of stay in the rehabilitation center.
Results: On admission, 125 patients had no hand capacity (SULCS score 0-3), 58 had basic hand capacity (SULCS score 4-7) and 116 had advanced hand capacity (SULCS score 8-10). Of the patients without initial hand capacity, 
41% regained some dexterity (SULCS≥4) at discharge. Of these, patients with SULCS scores 2 and 3 had 29 and 98 times greater odds of regaining some dexterity compared to patients with an initial SULCS score 0, respectively. Of the patients with initial basic hand capacity, 78% regained advanced hand capacity at discharge. The SULCS score on admission explained 51% of the SULCS score variance at discharge, while time since stroke was negatively associated with upper-limb recovery, explaining an additional 7% of the SULCS score variance at discharge.
Conclusion: Even patients with minimal proximal shoulder and elbow control of the upper paretic limb on admission in a rehabilitation center have a fair chance of regaining some dexterity in the long term after stroke, whereas patients without such proximal arm control have a much poorer prognosis for regaining dexterity. 
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Introduction
Upper-limb recovery after stroke is crucial for performing activities of daily 
living (ADL). According to the International Classification of Functioning, 
Disability and Health (ICF), the domain “activity” is divided in two qualifiers, “capacity” (i.e., the maximal level of execution of an activity in a standardized environment) and “performance” (i.e., the actual performance of an activity in daily life).1 In rehabilitation medicine, optimizing upper-limb capacity is essential for improving performance. However, in studies on patients with severe to complete upper-limb paresis, it has been shown that about 60% fails to achieve some dexterity at 6 months after stroke, indicating that the prognosis for functional recovery of the paretic upper limb in severely affected patients is poor.2,3 In contrast, patients with mild to moderate upper-limb paresis have a much better prognosis for recovery, as 71% of these patients achieve at least some dexterity at 6 months after stroke.4 Other studies have shown that distal motor function,5 more specifically the presence of residual 
active finger extension,4,6,7 is predictive of regaining some dexterity at 6 months post stroke.  Predicting functional recovery after stroke is essential not only to provide patients with an accurate and realistic prognosis, but also for selecting the most appropriate rehabilitation intervention. For example, the ability to stratify patients into groups with a poor vs. more favorable prognosis after stroke8,9 allows clinicians to select patients who will benefit most from intensive training interventions and prevent disappointment in others. 
Ultimately, adequate selection of stroke patients increases the efficiency of applied rehabilitation services for the paretic upper limb. There are, however, only a few prospective cohort studies on upper-limb recovery after stroke.4,10-14 Because the main goal of upper-limb rehabilitation is to optimize dexterity to be able to execute meaningful tasks in daily life, it is necessary to predict recovery of upper-limb capacity. Yet, several studies merely assessed upper-limb function (i.e., neuromusculoskeletal and movement-related functions such as synergism, muscle strength and joint mobility) as an indication of upper-limb recovery.10-12 Other studies did use capacity measures to assess upper-limb recovery, such as the Action Research Arm Test (ARAT)4,13 and the Nine Hole Peg Test14. These measures are, however, relatively insensitive for restoration of proximal arm capacity in patients without hand capacity.15 Against this background, a new scale has recently been developed, the Stroke Upper Limb Capacity Scale (SULCS), that is particularly sensitive to (changes 
CHAPTER 4
64
in) proximal arm capacity in patients with little or no hand capacity.16 It has been shown that the SULCS is a unidimensional and hierarchical scale with excellent psychometric properties.15,16  The aim of the present prospective study was to investigate upper-limb functional recovery in a large sample of patients admitted to a rehabilitation center after stroke by recording the SULCS on admission and at discharge. Because the SULCS is sensitive to differences in both proximal arm and distal hand capacity,16 we hypothesized that it could discriminate well between patients with a good chance to regain some degree of dexterity and those with a poor chance of recovery. We focused on rehabilitation inpatients because of the high incidence of severe upper-limb paresis and the relative absence of confounding co-morbidity such as other neurological disorders or severe osteoarthritis. Typically, patients selected for inpatient rehabilitation in the Netherlands have limited disabling co-morbidity and are considered to have a fair chance to fully regain functional independence in basic ADL within 4 months after admission. We categorized patients based on the presence or absence of initial hand capacity and investigated to what extent the initial SULCS score as well as demographic and clinical characteristics such as age, gender, type of stroke, time since stroke, and length of stay in the rehabilitation center determined the recovery of dexterity. 
Methods
Participants
Patients with a definite diagnosis of stroke who had been admitted to a specialized rehabilitation center in the Netherlands between August 2001 and October 2008 were eligible. All patients were admitted to the rehabilitation center directly from a stroke unit or neurological department of a hospital or, in some cases, after a temporary stay in a nursing home. Inclusion criteria were admission within 10 weeks after stroke and a minimum stay in the rehabilitation center of 3 weeks. Patients were excluded when there were: (1) no limitations in upper-limb capacity; or (2) severe cognitive or communicative impairments limiting their understanding of the measurements. 
Procedure and measurementsParticipants received individual occupational (3 times 30 minutes per week) and physical therapy (5 times 30 minutes per week) and additional daily group 
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therapy sessions (1-2 times 60 minutes) depending on their functional level. The treating occupational therapist assessed upper-limb capacity within 1 week after admission and again during the week before discharge. Upper-limb capacity was assessed with the SULCS, which consists of 10 items representing meaningful tasks that relate to daily activities in the home environment.15 The 
first 3 items assess proximal arm capacity without the need for active wrist or 
finger movements, items 4 through 7 assess arm capacity combined with basic hand capacity (grasp tasks without manipulation), and items 8 through 10 assess advanced hand capacity (manipulation tasks). This unidimensional and hierarchical scale has been shown to have excellent psychometric properties and to be suitable for application in patients with mild to severe upper-limb paresis.15,16 All occupational therapists received instructions and training on how to administer the SULCS, so that the test items were performed and scored uniformly. Clinical characteristics were obtained from the medical records. The study was approved by the local ethics committee and conducted in accordance with the ethical standards laid down in the 1975 Declaration of Helsinki.
Data analysis
All participants were classified into 3 groups based on their admission SULCS score: patients without any hand capacity (SULCS score 0-3), patients with basic hand capacity (SULCS score 4-7), and those with advanced hand capacity (SULCS scores 8-10). Then, the percentages of the patients who remained in the same subgroup or changed subgroup were calculated. Clinical characteristics of the patients without any hand capacity on admission (SULCS score 0-3) but who had regained some dexterity at discharge (SULCS score 
≥4) (“responders”) were compared to those who did not regain any dexterity (“non-responders”). Differences between these subgroups were tested using independent samples t-tests (for age, time between stroke and admission, time between admission and discharge) or Mann-Whitney tests (for gender, side of stroke, cause of stroke, initial SULCS score). To investigate the most important determinants of regaining some dexterity, a multivariate logistic regression analysis (forward stepwise approach) was performed with “dexterity” as dependent variable (discharge SULCS score 0-3 vs. score 4-10) and the 
characteristics that were significantly different between responders and non-responders as independent variables. Using this multivariate approach, the 
logistic regression analysis was adjusted for significant covariates. The initial 
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SULCS score was added as a categorical variable, so that the chance of regaining some dexterity was calculated for SULCS scores 1, 2 and 3 relative to SULCS score 0. The characteristics that were found to be predictive of regaining some dexterity were further tested for their individual predictive values. A 2-way 
contingency analysis was used to calculate sensitivity, specificity, and negative 
and positive predictive values, including 95% confidence intervals (CIs). All 
analyses were conducted two-sided with a level of significance of 0.05. 
ResultsTable 1 shows the demographic and clinical characteristics of the 299 patients that were included. Table 2 shows (the changes in) the number of participants in each SULCS subgroup from admission to discharge. Of the patients who had no hand capacity on admission (N=125), 59% remained in this subgroup (“non-responders”), whereas 30% regained basic hand capacity and 10% advanced hand capacity (“responders”). Of the patients with basic hand capacity on 
Table 1. Characteristics of all participants (N=299) on admission in the rehabilitation 
centerAge, years (SD) 60.0 (11.1)Time between stroke and admission, days (SD) 32.4 (12.2)Time between admission and discharge, days (SD) 77.0 (47.9)Gender, N (%)Male 174 (58.2)Female 125 (41.8)Side of stroke, N (%)Left hemisphere 136 (45.5)Right hemisphere 132 (44.1)Other 31 (10.4)Cause of stroke, N (%)Infarct 228 (76.3)Haemorrhage 71 (23.7)SULCS score admission, median (IQR) 6.0 (1.0-9.0)SULCS score discharge, median (IQR) 8.0 (4.0-10.0)SD: standard deviation; SULCS: Stroke Upper Limb Capacity Scale; IQR: interquartile range
Table 2. Changes in SULCS subgroups from admission to discharge (N=299).Admission Discharge N (%)SULCS 0-3 SULCS 4-7 SULCS 8-10 TotalSULCS 0-3 74 (59.2%) 38 (30.4%) 13 (10.4%) 125 (100%)SULCS 4-7 0 13 (22.4%) 45 (77.6%) 58 (100%)SULCS 8-10 0 1 (0.9%) 115 (99.1%) 116 (100%)SULCS: Stroke Upper Limb Capacity Scale
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admission (N=58), 78% had developed advanced hand capacity at discharge. The demographic and clinical characteristics of the responders (N=51) and 
non-responders (N=74) are presented in Table 3. Responders had significantly higher initial SULCS scores than non-responders (median SULCS score 2 vs. 0, respectively; P<0.001). Furthermore, they were admitted on average 5.4 days earlier after stroke (P<0.05) and remained in the rehabilitation center on average 26.4 days shorter (P<0.01). No group differences were found for age, gender, stroke location, or cause of stroke. In Figure 1, the mean SULCS scores 
Table 3. Demographic and clinical characteristics of patients without hand capacity on 
admission (initial SULCS score 0-3) categorized by “responders” and “non-responders” 
(based on regaining a SULCS score ≥4) (N=125).Responders (N=51) Non-responders (N=74) P-valueAge, mean (SD) 58.4 (9.8) 57.8 (9.5) P=0.71Time between stroke and admission, days (SD) 29.2 (9.9) 34.6 (13.0) P<0.05Time between admission and discharge, days (SD) 89.4 (43.0) 115.8 (54.6) P<0.01Gender, N (%) P=0.36Male 24 (47.1) 41 (55.4)Female 27 (52.9) 33 (44.6)Side of stroke, N (%) P=0.78Left hemisphere 22 (43.1) 33 (44.6)Right hemisphere 26 (51.0) 36 (48.6)Other 3 (5.9) 5 (6.8)Cause of stroke, N (%) P=0.99Infarct 40 (78.4) 58 (78.4)Haemorrhage 11 (21.6) 16 (21.6)SULCS score admission, median (IQR) 0.0 (0.0-1.0) 2.0 (2.0-3.0) P<0.001SULCS score admission, N (%)0 6 (11.8) 38 (51.4)1 6 (11.8) 27 (36.5)2 20 (39.2) 7 (9.5)3 19 (37.3) 2 (2.7)SULCS: Stroke Upper Limb Capacity Scale; SD: standard deviation; IQR: interquartile range
Table 4. Contribution of different determinants on admission to regaining some 
dexterity (SULCS≥4) at discharge (N=125).Determinant OR (95% CI) R2 (Nagelkerke)Total SULCS score on admission 0.505SULCS score 1 vs. 0 1.82 (0.50 – 6.72)SULCS score 2 vs. 0 29.2 (7.30 – 117)*SULCS score 3 vs. 0 97.5 (14.6 – 651)*Time between stroke and admission 0.94 (0.90 – 0.98)** 0.065Note: model R2 (Nagelkerke) = 0.566SULCS: Stroke Upper Limb Capacity Scale; OR: odds ratio; * P<0.001; ** P <0.01
CHAPTER 4
68
at discharge with their corresponding 95% CIs are categorized according to the initial SULCS score for all patients. It shows that most patients (84%) with the lowest initial SULCS scores (0 or 1) did not regain any dexterity, whereas those with an initial SULCS score 2 or 3 did develop at least some dexterity at discharge (81%). The results of the logistic regression analysis are presented in Table 4. Only the initial SULCS score and the time between 
stroke and admission were significantly and independently predictive of regaining dexterity at discharge. The outcome variance explained by the initial SULCS score and by the time between stroke and admission was 51% and 7%, respectively. Of the patients without initial hand capacity, those with SULCS scores 2 and 3 had 29 and 98 times greater odds of regaining some dexterity than those with a SULCS score 0, respectively. The odds of patients with an 
initial SULCS score 1 were not significantly different from those with an initial SULCS score 0 (Table 4). However, even in the group with the lowest initial SULCS scores (0 or 1) there were positive exceptions, as 12% regained basic hand capacity (SULCS 4-7) and 4% even regained advanced hand capacity (SULCS 8-10). The 2-way contingency analysis yielded a positive predictive value of 84% (95% CI, 73-92%), a negative predictive value of 84% (95% CI, 
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77-88%), a sensitivity of 75% (95% CI, 65%-81%), and a specificity of 91% (95% CI, 84%-95%). 
DiscussionThe aim of this prospective study was to investigate upper-limb functional recovery in patients admitted to a rehabilitation center after stroke using the Stroke Upper Limb Capacity Scale (SULCS). There are only a few prospective studies on functional recovery of the upper limb after stroke using outcome measures directed at the capacity level of the ICF.4,13 None of these studies have used capacity measures that are sensitive for proximal arm capacity, independent of hand capacity. The SULCS has been developed to be able to score (differences in) both proximal arm and distal hand capacity. Better proximal arm capacity in the acute phase of stroke might be related to a greater chance of regaining some degree of dexterity.4 The results of this study 
appear to confirm this hypothesis. Of the 299 patients who participated in this study, 125 (42%) had an initial SULCS score 0-3, indicating that they only had proximal arm capacity on admission in the rehabilitation center. Of these, 74 (59%) had not regained dexterity at discharge. Of the patients who were able to use their hand in basic activities on admission (SULCS score 4-7), 78% regained advanced hand capacity at discharge (SULCS score 8-10). These results are comparable 
to findings 6 months after stroke which demonstrated that about 60% of severely affected patients did not regain any dexterity,2,3 whereas about 70% of the mildly to moderately affected patients did.4 Of the 125 participants without any hand capacity on admission, the 51 patients that regained some degree of dexterity at discharge (“responders”) differed from those that did not regain dexterity (“non-responders”) by a higher initial SULCS score, a shorter time between stroke and admission, and a shorter length of stay in the rehabilitation center. Logistic regression analysis indicated that only the initial SULCS score and the time between stroke 
and admission were significantly and independently related to recovery of dexterity. Patients with the same initial level of upper-limb capacity who had had their stroke a shorter time ago had a better chance of regaining dexterity. 
This finding is in line with the study by Kwakkel et al.,17 who found that time alone accounted for 19% of upper-limb functional recovery (as assessed with 
the ARAT) during the first 8 weeks after stroke. In the present study, however, 
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time explained only 7% of the SULCS variance at discharge, which is most likely due to the fact that we included patients on average 32 days (range 3-68 days) after stroke. When comparing the impact of time observed in the study 
by Kwakkel et al.17 during the same time period (i.e., from 4 weeks post stroke onwards) time alone explained about 9% of the later change in ARAT score, a result comparable to the 7% observed in the present study. The initial SULCS score explained 51% of the SULCS variance at discharge. Previous studies have emphasized that the presence of residual active 
extension of the fingers is an important determinant of regaining dexterity.4,6,7 The results of this study indicate that early differences in proximal arm capacity may have an important prognostic value as well.  In the present study, 
patients with a SULCS score 2 or 3 (reflecting the ability to clamp an object between the trunk and upper arm, and the ability to slide an object across a table, respectively) had 29 and 98 times greater odds of regaining some dexterity than patients with a SULCS score 0 (being unable to take support on the forearm on a table). These results appear to be in line with other reports indicating that the early presence of active shoulder abduction is also a determinant of upper-limb functional recovery.4 These data raise the question how proximal control of the shoulder and elbow is related to the intactness of the crossed corticospinal tracts,3,18 which are considered to be the critical neural pathways for controlling the hand.19The present results can be used to improve rehabilitation services after stroke. Evidence-based medicine includes a cyclical process in which appropriate goal setting is a key aspect of making clinical decisions.20 This cyclical process involves 1) assessment; 2) goal setting; 3) intervention; and 4) monitoring change in terms of the ICF.21 For goal setting, knowledge about predictive determinants is highly relevant in order to stratify patients into individuals with potential for upper-limb functional recovery after stroke, and those without such potential.8,9 This study showed that the presence (or absence) of proximal arm capacity early in the rehabilitation process may be used to discriminate between these groups. In particular, careful assessment whether patients have active control of both the affected shoulder and elbow, such that patients are able to slide an object with their affected hand across a table, appears to be discriminatory. Patients who are able to perform this task should be offered intensive training to optimize the chance that they will regain at least some degree of dexterity.22 Interestingly, even some individual patients without any proximal arm capacity on admission still showed substantial 
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functional recovery despite a poor prognosis. In future studies, these patients need to be characterized based on other relevant determinants that may 
influence upper-limb capacity, such as for instance dyspraxia or neglect. A strength of this study is that the SULCS is a hierarchical and unidimensional scale with excellent psychometric properties that is sensitive to (changes in) both proximal arm and distal hand capacity and, thus, applicable in patients with mild to severe stroke. In addition, recovery of upper-limb capacity was investigated in a relatively large number of patients, including many individuals with severe upper-limb paresis. 
Study LimitationsA limitation of this study is that only inpatients of a rehabilitation center 
were included. As a consequence, not all participants were tested in the first week (but within a range of 3-68 days) after stroke and the follow-up period differed substantially between patients. Therefore, future studies should 
assess upper-limb capacity within the first week after stroke and use fixed follow-up measurements. Furthermore, we included a limited number of clinical characteristics in the regression model and used only a single outcome measure of upper-limb capacity. Future studies need to interrelate various outcome measures at both the “function” and “capacity” level of the ICF, including neurophysiological, kinematic and kinetic assessments, to obtain more insight in the mechanisms underlying upper-limb functional recovery after stroke. 
ConclusionsIn conclusion, the results of this study indicate that the presence of proximal arm capacity early in the rehabilitation process, particularly the capacity to slide an object with the affected hand across a table, is predictive of a fair chance to regain some degree of dexterity at discharge from a rehabilitation center after stroke. These patients should be offered intensive training aimed to optimize functional recovery of the affected upper limb. 
CHAPTER 4
72
References
 1  World Health Organization (WHO). ICF: international classification of functioning, disability and health. Geneva: World Health Organization; 2001.
 2  Kwakkel G, Kollen BJ, van der Grond J, Prevo AJ. Probability of regaining dexterity in the 
flaccid upper limb: impact of severity of paresis and time since onset in acute stroke. 
Stroke 2003;34:2181-2186.
 3  van Kuijk AA, Pasman JW, Hendricks HT, Zwarts MJ, Geurts AC. Predicting hand motor recovery in severe stroke: the role of motor evoked potentials in relation to early clinical assessment. Neurorehabil Neural Repair 2009;23:45-51.
 4  Nijland RH, van Wegen EE, Harmeling-van der Wel BC, Kwakkel G. Presence of finger extension and shoulder abduction within 72 hours after stroke predicts functional recovery: early prediction of functional outcome after stroke: the EPOS cohort study. 
Stroke 2010;41:745-750.
 5  Kwakkel G, Kollen B. Predicting improvement in the upper paretic limb after stroke: A longitudinal prospective study. Restor Neurol Neurosci 2007;25:453-460.
 6  Fritz SL, Light KE, Patterson TS, Behrman AL, Davis SB. Active finger extension predicts outcomes after constraint-induced movement therapy for individuals with hemiparesis after stroke. Stroke 2005;36:1172-1177. 7  Smania N, Paolucci S, Tinazzi M, Borghero A, Manganotti P, Fiaschi A, Moretto G, Bovi 
P, Gambarin M. Active finger extension: a simple movement predicting recovery of arm function in patients with acute stroke. Stroke 2007;38:1088-1090.
 8  Kwakkel G, Meskers CG, van Wegen EE, Lankhorst GJ, Geurts AC, van Kuijk AA, Lindeman 
E, Visser-Meily A, de Vlugt E., Arendzen JH. Impact of early applied upper limb stimulation: the EXPLICIT-stroke programme design. BMC Neurol 2008;8:49.
 9  van Delden AL, Peper CL, Harlaar J, Daffertshofer A, Zijp NI, Nienhuys K, Koppe P, 
Kwakkel G, Beek PJ. Comparing unilateral and bilateral upper limb training: the ULTRA-stroke program design. BMC Neurol 2009;9:57.
 10  Nakayama H, Jorgensen HS, Raaschou HO, Olsen TS. Recovery of upper extremity function in stroke patients: the Copenhagen Stroke Study. Arch Phys Med Rehabil 1994;75:394-398. 11  Mirbagheri MM, Rymer WZ. Time-course of changes in arm impairment after stroke: variables predicting motor recovery over 12 months. Arch Phys Med Rehabil 2008;89:1507-1513.
 12  Verheyden G, Nieuwboer A, De Wit L, Thijs V, Dobbelaere J, Devos H, Severijns D, Vanbeveren S, de Weerdt W. Time course of trunk, arm, leg, and functional recovery after ischemic stroke. Neurorehabil Neural Repair 2008;22:173-179. 13  Au-Yeung SS, Hui-Chan CW. Predicting recovery of dextrous hand function in acute stroke. Disabil Rehabil 2009;31:394-401. 14  Welmer AK, Holmqvist LW, Sommerfeld DK. Limited fine hand use after stroke and its association with other disabilities. J Rehabil Med 2008;40:603-608. 15  Roorda LD, Houwink A, Smits W, Molenaar IW, Geurts AC. Measuring upper limb 
capacity in poststroke patients: development, fit of the monotone homogeneity model, 
unidimensionality, fit of the double monotonicity model, differential item functioning, internal consistency, and feasibility of the Stroke Upper Limb Capacity Scale, SULCS. Arch 
Phys Med Rehabil 2011;92:214-227. 16  Houwink A, Roorda LD, Smits W, Molenaar IW, Geurts AC. Measuring upper limb capacity in patients after stroke: reliability and validity of the Stroke Upper Limb Capacity Scale. 
Arch Phys Med Rehabil 2011;92:1418-1422.
 17  Kwakkel G, Kollen B, Twisk J. Impact of time on improvement of outcome after stroke. 
Stroke 2006;37:2348-2353.
 18  Stinear CM, Barber PA, Smale PR, Coxon JP, Fleming MK, Byblow WD. Functional potential in chronic stroke patients depends on corticospinal tract integrity. Brain 2007;130:170-180. 19  Lemon RN. Descending pathways in motor control. Annu Rev Neurosci 2008;31:195-218.
 20  Veerbeek JM, Kwakkel G, van Wegen EE, Ket JC, Heymans MW. Early prediction of outcome of activities of daily living after stroke: a systematic review. Stroke 2011;42:1482-1488.
4UPPER-LIMB RECOVERY AFTER STROKE
73
 21  Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet 2011;377:1693-1702. 22  Murphy TH, Corbett D. Plasticity during stroke recovery: from synapse to behaviour. Nat 
Rev Neurosci 2009;10:861-872.

5Assessment of upper-limb capacity, 
performance, and developmental 
disregard in children with cerebral 
palsy: validity and reliability of the 
revised VOAA-DDD
Annemieke Houwink
Yvonne A GeerdinkBert SteenbergenAlexander CH GeurtsPauline BM Aarts
Developmental Medicine and Child Neurology, accepted pending revision
Chapter
CHAPTER 5
76
Abstract 
Aim: To investigate the validity and reliability of the revised Video-Observation Aarts and Aarts module Determine Developmental Disregard (VOAA-DDD-R). 
Method: Upper-limb capacity and performance were assessed in 25 children with unilateral spastic cerebral palsy (CP) by measuring the overall duration of 
affected upper-limb use and the frequency of specific behaviors during a task in which bimanual activity is demanded (“stringing beads”) and stimulated 
(“decorating a muffin”). Developmental disregard was defined as the difference in duration of affected upper-limb use between both tasks. Construct validity was determined by comparing the children with CP to 46 age and gender matched typically developing children. Intra-rater, inter-rater, and test-retest 
reliability were determined using the intraclass correlation coefficient (ICC), standard error of measurement (SEM), and smallest detectable difference (SDD).
Results: Children with CP (mean age 4.7±1.6, range 2.7-8 years) scored 
significantly lower on capacity and performance, and higher on developmental disregard than typically developing children (p<0.05). ICCs ranged from 0.79 to 1.00, indicating good reliability. Absolute agreement was high, SEMs ranged from 4.5% to 6.8%, and SDDs ranged from 12.5% to 19.0%. 
Interpretation: The VOAA-DDD-R is a reliable and valid tool to assess upper-limb capacity, performance, and developmental disregard in children with unilateral spastic CP. 
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IntroductionChildren with unilateral spastic cerebral palsy (CP) suffer from motor impairments such as muscle weakness and spasticity on predominantly one side of the body.1,2 These motor impairments are important causes of activity limitations.3,4According to the International Classification of Functioning, Disability and Health (ICF), the “activity” level can be subdivided 
in the qualifiers “capacity” (i.e., the execution of an activity in a standardized environment) and “performance” (i.e., the actual performance of an activity in daily life).5 Children with CP not only experience limitations in their capacity, but they also tend to underuse their affected upper limb in daily life (i.e., limited performance) given their individual capacity. This lack of spontaneous use of the affected limb in developing children is also referred to as “developmental disregard”.6 In order to design an individually tailored rehabilitation program, detailed assessment of upper-limb disability is essential.7 Therefore, it is important to assess bimanual activities because many children who suffer from developmental disregard prefer to use their less-affected upper limb in unimanual tasks. They will only use their affected limb during bimanual tasks. However, tests of upper-limb use during bimanual activities are scarce.8,9 Many functional measures focus on unilateral tasks, such as the Quality of Upper Extremity Skills Test10 and the Melbourne Assessment of Unilateral Upper Limb Function11. Only the Assisting Hand Assessment12 (AHA) consists of semi-structured bimanual tasks to assess the effectiveness of use of the assisting upper limb. Although the AHA provides a summed 
frequency score of the effectiveness of upper-limb use, it does not assess the 
duration of spontaneous use. Since the overall duration of upper-limb use takes into account all motor behaviors, including (unsuccessful) attempts to involve the affected arm and hand, it seems to be a more valid indicator of developmental disregard than merely counting the frequency of successful behaviors. In order to assess both the overall duration of affected upper-limb 
use and the frequency of specific behaviors, the Video Observations Aarts and Aarts module Determine Developmental Disregard (VOAA-DDD) was developed.13 The VOAA-DDD consists of two standardized tasks, “stringing 
beads” and “decorating a muffin”, to assess upper-limb use. The beads task was designed to demand the use of both hands to accomplish the task, while 
the muffin task was designed merely to stimulate bimanual activity (since 
the task is most efficiently performed with both hands). Nevertheless, it can 
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also be performed unimanually. By using structured video observations and a custom-designed software program,14 the tasks can be scored offline with 
regard to the occurrence of specific motor behaviors (i.e., frequency) and the total time the affected upper limb is being used (i.e., duration). The VOAA-DDD was found to be reliable and valid.13 Recently, the VOAA-DDD was revised (VOAA-DDD-R). First, the distinction 
between the beads task and the muffin task was made more pronounced in terms of demanding vs. stimulating bimanual hand use. Second, the beads and 
muffin task previously consisted of a different number of subtasks and the number of subtasks differed between two age groups. In the revised version, there are four subtasks that are repeated four times for both the beads and 
the muffin task and for all ages between 2.5 and 8 years. Third, the motor behaviors that need to be scored were reduced from ten to the three most important behaviors (i.e., grasp, hold, release). These behaviors were shown to be essential to perform each subtask and did not differ in frequency between the dominant and non-dominant hand in typically developing children.15 
Finally, only three scores are used to reflect different aspects of upper-limb use: a capacity score (i.e., the frequency during the beads task), a performance 
score (i.e., the frequency during the muffin task), and a duration score (i.e., the 
difference in the duration of upper-limb use between the beads and the muffin task).15 The latter score was used as an operationalization of developmental disregard. These revisions required a new investigation of the psychometric properties of the VOAA-DDD-R. Therefore, the goal of the present study was to investigate the construct validity and the intra-rater, inter-rater, and test-retest reliability of the VOAA-DDD-R in children with unilateral spastic CP. 
Methods
Participants
Twenty-five children with CP were recruited from two rehabilitation centers. Inclusion criteria were: (1) CP with a unilateral spastic movement impairment, 
(2) age between 2.5 and 8 years, and (3) Manual Ability Classification System (MACS)16 scores I, II or III. Children were excluded when they had intellectual disability such that simple tasks could not be understood or executed (i.e., developmental age below 2 years). In addition, 46 typically developing children between 2.5 and 8 years of age were recruited from regular schools 
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and day-care centers as control participants. Legal caregivers provided written informed consent for all participants. All procedures in this study were approved by the regional medical ethics committee. 
RatersTwo experienced occupational therapists and one experienced physical 
therapist performed the offline scoring of the videos, for which they received a three-hour training.
Tasks
Both the beads and the muffin task consisted of four subtasks. During the 
beads task (Figure 1a), the child was asked to string beads (flat discs) on a shoelace as if to feed a caterpillar. First, the child was asked to open a closed can and to grasp a disc from the can, to place the disc on the table, and to put the lid back on the can. Second, the child had to pick up an egg-timer, to turn it so that the timer went off (as if to wake the caterpillar), and to place the timer back on the table. Then the child had to open a drawer that was being held back by elastic bands (so that the drawer did not stay open by itself), and to take out the shoelace. Third, the child had to pick up the disc and to string it on the shoelace. Fourth, the child had to open the drawer and put back the shoelace, and to pick up the egg-timer to reset the timer. All subtasks were 
repeated four times. During the muffin task (Figure 1b), the child was asked 
to decorate a muffin with sweets. First, the child was asked to open a can, grasp a sweet from the can, place the sweet on a plate, and put the lid back on 
the can. Second, the child had to open a play oven and take out a muffin that was placed in a sieve with a handle. Third, the child had to grasp a stick that 
was placed upside-down in an open can and make a hole in the muffin using the stick. The child was then asked to take the sweet and to put it in the hole 
in the muffin. Fourth, the child had to place the sieve holding the muffin back in the oven and close the door. Again, all subtasks were repeated four times. 
The beads and the muffin task both lasted 2 to maximally 7 minutes. During either task, participants were seated in a chair with their back supported, their forearms and hands laying on the table, and their feet placed on the 
floor or a footplate. In the case of a child with CP, the test instructor was one of three occupational therapists experienced in pediatric rehabilitation. A typically developing child was instructed by one of two occupational therapy students. The test instructor was seated opposite to the child and provided 
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the instructions for each subtask, without indicating which hand had to be used. Before the child started, the test instructor demonstrated the tasks and checked whether the child had understood the instructions. The video camera was placed contralateral to the child’s affected side (non-dominant side for the typically developing children) at a height of 2 meters focused into the palm of the affected hand (Figure 1c). Placement of the materials was adjusted to the 
Figure 1. The beads task (panel a) and muffin task (panel b). The materials are positioned for a child with a left-sided paresis, as observed by the child. For a child with right-sided paresis, the setting of the materials is mirrored. The camera was positioned contralateral to the child’s affected side (non-dominant side for the typically developing children) at a height of 2 meters focused into the palm of the affected hand (panel c).
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affected side (non-dominant side for the typically developing children) of the child. 
Scoring system
The video recordings were scored offline with regard to the occurrence of grasping, holding and releasing (i.e., motor behaviors) as well as the overall duration of use of the affected upper limb (non-dominant side in typically developing children). The frequency of the three behaviors was scored 
irrespective of the quality (e.g., grasping with the wrist in dorsal flexion or 
in palmar flexion were both scored). Maximally one point could be obtained for each of the three behaviors during each subtask, resulting in a maximum frequency score of 48 (three behaviors × four subtasks × four repetitions). Consequently, the frequency measure did not take into account whether a behavior was performed multiple times during one subtask. The observed total frequency was converted into a percentage of the maximum frequency. The frequency score during the “demanding” beads task determined the 
capacity score, while the frequency during the “stimulating” muffin task determined the performance score. In addition, the overall duration of use of 
the affected upper limb was scored for both the beads and the muffin task as a percentage of the total duration of each task. All motor behaviors related to the task performance contributed to the duration score, regardless of their success or quality. The difference in the duration of use between the beads 
task and the muffin task was defined as a measure of developmental disregard. 
ProcedureThe children with CP were assessed twice by two occupational therapists 
with a time interval of approximately two weeks. The first assessments of the children with CP were scored by both raters to determine the inter-rater 
reliability. In addition, these first assessments were scored twice by the same rater with a minimum time interval of two weeks to determine the intra-rater 
reliability. The scorings of the first and second assessments of the children with CP by the same raters were used to determine the test-retest reliability. The assessment of the typically developing children was scored by one rater 
(the physical therapist), and was used together with the first assessment of the children with CP to determine the construct validity. 
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Analysis
ValidityConstruct validity was determined by comparing the scores of the children with CP to those of the typically developing children. Compared to the typically 
developing children, the children with CP were expected to score significantly lower on capacity and performance, and higher on developmental disregard. Hence, they were also expected to score lower on performance than on capacity. Between-group differences (children with CP vs. typically developing children) were tested with two-sided independent samples t-tests and within-group differences (capacity vs. performance in children with CP) with two-
sided dependent samples t-tests. The level of significance was set at <0.05. To identify developmental disregard in individual children with CP, the mean score +2SD of the typically developing children was used a cut-off criterion. 
ReliabilityThe intra-rater, inter-rater, and test-retest reliability of the capacity, 
performance and developmental disregard scores were quantified with the 
intraclass correlation coefficient (ICC) and corresponding 95% confidence interval (CI). A two-way random model for absolute agreement was used to distinguish between random variations and ‘real’ differences.17 The standard error of measurement (SEM) was used to assess the absolute agreement 
between the first and second assessment, according to Bland and Altman.18 The 
SEM was calculated using the within-subject standard deviation (SEM=√error variance). In order to determine the minimal change score in an individual that represents a real difference, the smallest detectable difference (SDD) was 
calculated as: SDD=1.96×√2×SEM.18 
Results
ParticipantsThe characteristics of the children with CP are presented in Table 1. The 
children with CP did not differ significantly from the typically developing children with regard to gender (23 males, 23 females; p=0.423) or age (mean age 5.3±1.4, range 2.5-8 years; p=0.136). Forty-one of the typically developing children were right-handed.
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ValidityTable 2 shows the capacity, performance, and developmental disregard scores for the children with CP and for the typically developing children. Seven of the children with CP could only perform two or three repetitions of the subtasks instead of four within seven minutes. As a consequence, their maximally attainable score on capacity and/or performance was adjusted to 24 and 36, respectively. The typically developing children scored almost maximally on capacity and performance, whereas the children with CP scored lower on capacity (p<0.05) and performance (p<0.001). Their performance scores were lower than their capacity scores (p<0.001). Furthermore, children with CP showed three times greater developmental disregard (p<0.001). The cut-off score for developmental disregard based on the scores of the typically developing children was 17.2%. Based on this value, 64% of the children 
with CP could be identified as suffering from developmental disregard. All individual scores are presented in Figure 2.
ReliabilityThe intra- and inter-rater reliability of the capacity, performance, and developmental disregard scores were excellent with ICCs ranging from 0.95 to 1.00 (Table 2). The test-retest reliability was excellent for the capacity and performance scores, whereas it was good for the developmental disregard 
score (ICCs ranged from 0.79 to 0.99). The mean differences between the first and second assessments in children with CP were -1.2% (SD 7.1%) for capacity, -1.8% (SD 6.4%) for performance, and -0.3% (SD 9.7%) for developmental 
Table 1. Characteristics of the children with CP (N=25)Age (years)Mean (SD) 4.7 (1.6)Range 2.7 – 8.0Gender, N (%)Male 10 (40%)Female 15 (60%)Affected side, N (%)Right 10 (40%)Left 15 (60%)MACS, N (%)I 5 (20%)II 12 (48%)III 8 (32%)
SD=standard deviation; MACS=Manual Ability Classification System
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disregard. The absolute agreement between the two assessments is presented graphically in Figure 3. The SEMs ranged from 4.5 to 6.8%, which resulted in SDDs of between 12.5% and 19.0%. 
DiscussionThe results of this study indicate that the three scores of the VOAA-DDD-R (i.e., capacity, performance, and developmental disregard) are both valid and reliable. The construct validity was determined by comparing the scores of children with CP to those of typically developing children, because there is no criterion standard available in the literature for the frequency and duration of use of the affected upper limb during bimanual activities. Children with CP 
had significantly lower scores than typically developing children for capacity (77% vs. 98%, respectively) and even more so for performance (55% vs. 100%, respectively), yielding much higher scores for developmental disregard (23% vs. 7%, respectively). Based on the cut-off score for developmental disregard 
Figure 2. Individual scores of children with CP (N=25) on capacity (x-axis) and performance 
(y-axis). Individuals who were identified as suffering from developmental disregard (i.e., developmental disregard score >17.2%; N=16) are depicted in white, whereas children without developmental disregard are depicted in black diamonds.
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Figure 3. Graphical representation of the absolute agreement between two repeated assessments of the same rater in children with CP (N=25) according to Bland and Altman. The difference score between the two assessments is plotted against the mean score for capacity (panel a), performance (panel b), and developmental disregard (panel c). The solid line represents the mean difference, the dotted lines represent the limits of agreement. 
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of typically developing children (i.e., 17%), 64% of the children with CP could 
be identified as suffering from developmental disregard (Figure 2). This cut-off value is close to the cut-off value reported in our previous study on the VOAA-DDD (14%).13 These results confirm our hypothesis that many children with CP show a discrepancy between what they can do with their affected upper limb when bimanual activity is demanded (i.e., capacity) and what they 
actually do when bimanual activity is merely stimulated (i.e., performance). These test scores can be used as a basis for designing an individually tailored rehabilitation intervention.15 For instance, Figure 2 shows that the six children with a low capacity score (0-40%) scored 0% on performance. Based on these scores it is advisable that these children are primarily trained to improve their upper-limb capacity. Remarkably, even eight children with a (near) maximum capacity score of 100% showed some degree of developmental disregard, whereas nine others with a maximum capacity did not. This pattern of results suggests that a (nearly) optimal capacity is needed to prevent the occurrence of developmental disregard, but that such a score certainly provides no guarantee for the absence of developmental disregard. Thus, these children should all be carefully monitored for signs of developmental disregard and offered appropriate training, e.g. Constraint-Induced Movement Therapy (CIMT). On the other hand, one or two children with a somewhat lower performance than their optimal capacity scores did not seem to suffer from developmental disregard based on the duration of use of their affected upper limb. The VOAA-DDD-R showed excellent intra- and inter-rater reliability as indicated by high ICCs for capacity, performance and developmental disregard. The ICC values indicated that the repeated scoring of the assessments was very stable both within and between raters. The test-retest reliability was excellent for the capacity and performance scores and good for developmental disregard. Apparently, the variability between two assessments caused by variation of the child’s behavior was larger than by variation caused by the raters. In addition, the results indicate that with repeated testing the frequency scores were more stable than the duration scores. This can be explained by the fact that for the frequency scores a child could obtain maximally one point for each behavior per subtask, which renders the frequency scores more stable but also less sensitive to repeated behaviors within a subtask. Nevertheless, the absolute agreement between the repeated assessments was good as indicated by SEMs between 4.5% and 6.8%. These results imply that, when two groups of children with CP are compared, a group difference of 5.1% on 
CHAPTER 5
88
capacity, 4.5% on performance, and 6.8% on developmental disregard can be regarded as a real difference and not due to natural variation. For individual children, a change in the VOAA-DDD-R scores needs to be larger in order to be 
significantly different, since the SDDs ranged from 12.5% to 19.0%. Until now, no reliable and valid measure of developmental disregard is available in the literature. In this perspective, the VOAA-DDD-R is a valuable addition to the existing measures of affected upper-limb use in children with CP. Because the VOAA-DDD-R consists of common daily-life tasks that are attractive and meaningful for all children, it may also have merits for other groups of children with unilateral upper-limb disability, for instance children with peripheral nerve damage, traumatic brain injury, or stroke. A limitation of the present study is that the responsiveness (i.e., sensitivity to change) was not investigated. Thus, future studies need to examine the responsiveness of the VOAA-DDD-R to determine its usefulness and sensitivity in intervention studies. Another limitation is that one could argue that the VOAA-DDD-R is not truly a test of upper-limb performance in daily life, because it requires a 
standardized test situation. Yet, real-life assessments may be too subjective 
and difficult to administer. For instance, self-report questionnaires19,20 are 
usually completed by the child’s parents or caregivers with a great influence of personal perspectives and proneness to inconsistencies. Recent developments in the use of wearable wrist activity monitors to assess actual daily-life use of the affected upper limb are promising,21 but such monitors have only been tested during standardized activities as well.
In conclusion, this study showed that the VOAA-DDD-R, using a simplified scoring system, is equally reliable and valid as the original VOAA-DDD when applied to children with unilateral spastic CP, aged between 2.5 and 8 years. By comparing the use of the affected upper limb during a task demanding the use of both hands compared to a task merely stimulating bimanual activity, upper-limb capacity, performance, and developmental disregard can reliably and 
validly be assessed offline with a computer-supported video scoring system. 
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Abstract
Background. The majority of stroke survivors have to cope with deficits in arm function, which is often measured with subjective clinical scales. The objective of this study is to examine whether circle drawing metrics are suitable objective outcome measures for measuring upper extremity function of stroke survivors. 
Methods. Stroke survivors (N=16) and healthy subjects (N=20) drew circles, 
as big and as round as possible, above a table top. Joint angles and positions were measured. Circle area and roundness were calculated, and synergistic 
movement patterns were identified based on simultaneous changes of the elevation angle and elbow angle. 
Results. Stroke survivors had statistically significant lower values for circle area, roundness and joint excursions, compared to healthy subjects. Stroke 
survivors moved significantly more within synergistic movement patterns, compared to healthy subjects. Strong correlations between the proximal upper extremity part of the Fugl-Meyer scale and circle area, roundness, joint excursions and the use of synergistic movement patterns were found. 
Conclusions. The present study showed statistically significant differences in circle area, roundness and the use of synergistic movement patterns between healthy subjects and stroke survivors. These circle metrics are strongly correlated to stroke severity, as indicated by the proximal upper extremity part of the FM score. In clinical practice, circle area and roundness can give useful objective information regarding arm function of stroke survivors. In a research setting, outcome measures addressing the occurrence of synergistic movement patterns can help to increase understanding of mechanisms involved in restoration of post stroke upper extremity function.
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Introduction
BackgroundStroke is described as “an extremely complex breakdown of many neural systems, leading to motor as well as perceptual, cognitive and behavioral problems”.1 Motor problems of the upper extremity following stroke include muscle weakness, spasms, disturbed muscle timing and a reduced ability to selectively activate muscles. Many stroke survivors move in abnormal synergistic movement patterns that already have been described decades ago.2,3 More recent studies of Beer4-6 and Dewald7-9 showed strong coupling of the shoulder and elbow joint in stroke survivors in both isometric and dynamic conditions.Six months after stroke, motor problems are still present in the majority of stroke survivors,10 limiting their ability to perform activities of daily living (ADL). Post stroke rehabilitation training aims to regain (partly) lost functions by stimulation of restoration or promoting compensational strategies, in order to increase the level of independence. During rehabilitation training movements are practiced preferably with high intensity, in a task-oriented way, with an active contribution of the stroke survivor in a motivating environment where feedback on performance and error is provided.11 
Robotics A promising way to integrate these key elements of motor relearning into post stroke rehabilitation training is the use of robotic systems. Systematic reviews indicated a positive effect on arm function after robot-aided arm rehabilitation training.12,13 Six months after training, the effect of robotic training is at least as large as the effect of conventional training.14 Besides training, robotic rehabilitation systems can be valuable tools for evaluation purposes. Quantities of body functions concerning movement performance15 can be measured objectively with integrated sensors of many robot systems. Objective measurement of motor performance in stroke survivors is important to study the effectiveness of different rehabilitation training programs, in 
order to identify the most beneficial approaches. The use of objective outcome measures, strongly related to affected body functions and structures, can help to understand the mechanisms that are involved in restoration of arm function in order to maximize the effect of future approaches. Despite the increasing use of robotic systems in clinical and research settings, it is still questioned 
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which of the wide variety of available robotic outcome measures are relevant to study arm movement ability following stroke.
Outcome measuresCurrently, therapy effectiveness is generally assessed with clinical scales. However, some clinical scales show a lack of reproducibility, in addition to 
subjectivity when scoring the test.  One way to obtain objective and specific information concerning arm function at the body function level is to measure kinematics of the arm, as can be done by many upper extremity robotic systems. Recently, relations between active range of motion (aROM) and clinical scales as the Fugl-Meyer (FM) scale, the Chedoke McMaster Stroke Assessment score and the Stroke Impact Scale were studied.16 Strong correlations were found between the FM scale and an aROM task, performed in the horizontal plane with the upper arm elevated to 90 degrees. A movement task highly similar to the aROM task used by Ellis et al16 is circle drawing.
Circle taskSuccessful circle drawing requires coordination of both the shoulder and elbow joint which makes it a potentially useful movement task to study multi-joint coordination. Dipietro et al.17 showed that the effect of a robotic training 
intervention could be quantified by several outcome measures obtained during circular hand movements that were performed at table height. Because of the multi-joint nature of the movement task, circle drawing is a suitable task to study body functions18 such as ranges of joint motion and coupling between the shoulder and elbow joint. In addition, circle area gives a quantitative description of the size of the region where someone can place his/her hand to grasp and manipulate objects. Such an outcome measure at the activity level gives functional information, in this case regarding the work space of the arm.
 
ObjectiveThe aim of this study is to examine whether circle drawing metrics are suitable outcome measures for objective assessment of upper extremity function of stroke survivors. A new method to objectively quantify the occurrence of synergistic movement patterns is introduced. Outcome measures will be compared between healthy subjects and stroke survivors to study the discriminative power between these groups. Within stroke survivors, correlations between outcome measures including the FM are addressed to study mutual dependencies. 
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Methods
Subjects Chronic stroke survivors were recruited at the rehabilitation center ‘Het Roessingh’ in Enschede, the Netherlands. Inclusion criteria were a right-sided hemiparesis because of a single unilateral stroke in the left hemisphere and the ability to move the shoulder and elbow joints partly against gravity. Healthy elderly (45-80 years) were recruited at the research department and from the local community. Exclusion criteria for both groups were shoulder pain and the inability to understand the instructions given. All subjects provided written informed consent. The study was approved by the local medical ethics committee. 
Procedures During a measurement session, subjects were seated on a chair with the arm fastened to an instrumented exoskeleton called Dampace.19 This exoskeleton was only used for measurements and did not support the arm. Stroke subjects were asked to draw 5 and healthy subjects were asked to draw 15 consecutive circles during a continuous movement in both the clockwise (CW) and counter clockwise (CCW) direction. Circle drawing started with the hand close to the body, just above a tabletop of 75 cm height. The upper arm was aligned with the trunk and the angle between the upper arm and forearm was approximately 90 degrees. Templates of circles of different radii were shown on the tabletop to motivate subjects to draw the circles as big and as round as possible. To minimize the effect of compensatory trunk movements on the shape and size of the circles, the trunk of each subject was strapped with a four point safety belt. Movements were performed at a self selected speed, without touching the table. The order of direction of the circle drawing task (CW or CCW) was randomized across subjects.  
Measurements 
Kinematic data were recorded with sensors integrated in the robotic exoskeleton.19 Potentiometers on three rotational axes allowed measurements of upper arm elevation, transversal rotation, and axial rotation. A rotational 
optical encoder was used to measure elbow flexion and extension. Shoulder translations were measured with linear optical encoders. Signals from the potentiometers were converted from analog to digital (AD) by a 16 bits 
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AD-converter (PCI 6034, National Instruments, Austin, Texas). The optical quadrature encoders were sampled by a 32 bits counter card (PCI6602, National Instruments, Austin, Texas). Digital values were sampled with a rate 
of 1 kHz, online low-pass filtered with a first order Butterworth filter with a cut-off frequency of 40 Hz and stored on a computer with a sample frequency of at least 20 Hz.Arm segment lengths were measured to translate measured joint angles into joint positions. Upper arm length was measured between the acromion and the lateral epicondyle of the humerus. The length of the forearm was 
defined as the distance between the lateral epicondyle of the humerus and the third metacarpophalangeal joint. Thoracohumeral joint angles were measured according to the recommendations of the International Society of Biomechanics.20 The orientation of the upper arm was represented by three 
angles, see Figure 1. The plane of elevation (EP) was defined as the angle between the humerus and a virtual line through the shoulders. The elevation angle (EA) represented the angle between the thorax and the humerus, in the plane of elevation. Axial rotation (AR) was expressed as the rotation around a 
virtual line from the glenohumeral joint to the elbow joint. The elbow flexion 
angle (EF) was defined as the angle between the forearm and the humerus. 
Joint excursions were calculated as the range between minimal and maximal joint angles during circle drawing. Level of impairment of the hemiparetic arm of stroke survivors at the time of the experiment was assessed with the upper extremity part (max 66 points) of the FM scale.21 Because the focus of the present study is on proximal arm function, a subset of the upper extremity part of the FM scale consisting of items AII, AIII and AIV (max 30 points) was addressed separately (FMp). 
Figure 1. Visual representation of the joint angles of the upper arm. Arrows indicate positive rotations. EP = Elevation Plane, EA = Elevation Angle, AR = Axial rotation, EF = Elbow Flexion.
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Data analysis 
All measured signals were off-line filtered with a first order zero phase shift 
low-pass Butterworth filter with a cut-off frequency of 5 Hz. Joint positions were calculated by means of the measured shoulder displacement and successive multiplication of the measured joint angles and the transformation 
matrices defined for each arm segment. Joint positions were expressed relative to the shoulder position to minimize the contribution of trunk movements to the size and shape of the drawn circles. Individual circles were extracted from the data between two minima of the Euclidean distance in the horizontal plane between the hand path and the shoulder position, which was represented in the origin. After visual inspection of the data for correctness and completeness, the three largest circles in both the CW and CCW direction were averaged and used for further analysis. 
Circle drawing metrics 
The area of the enclosed hand path reflects the active range of motion of both healthy subjects and stroke survivors, see Figure 2 for typical examples. Normalized circle area (normA) is expressed as ratio between the area of the enclosed hand path and the maximal circle area that is biomechanically possible to compensate for the effect of arm length on maximal circle area, see Figure 3. Circle area is considered to be maximal when the diameter of the circle equals the arm length of the subject. Circle morphology was evaluated by calculation of the roundness as described in Oliveira et al.22 and previously used to evaluate training induced changes in synergistic movement patterns during circle drawing of stroke survivors.17,23 In this method, roundness is calculated as the quotient of the minor and major 
axes (see Figure 2) of the ellipse which is fitted onto the hand path by means of a principal component analysis. The calculated roundness lies between 0 and 1 and a perfectly round circle yields a roundness of 1. To explicitly study the potential impact of synergistic movement patterns 
on circle drawing, movements within and out of the flexion and extension 
synergies were identified based on simultaneous changes in shoulder 
abduction/adduction (EA) and elbow flexion/extension (EF) angles. When 
the angular velocity of both shoulder abduction and elbow flexion exceeded 2% of their maximal values, movement was regarded as movement within the 
flexion synergy (InFlex). Movement within the extension synergy (InExt) was characterized by concurrent shoulder adduction and elbow extension, both 
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exceeding the threshold value of 2% of the maximal angular velocity. In a 
similar way movement out of the flexion synergy (OutFlex) was characterized by simultaneous shoulder abduction and elbow extension, while movement out of the extension synergy (OutExt) comprised shoulder adduction and elbow 
flexion. If the angular velocity of one joint was below the threshold this was 
regarded as a single-joint movement (SJMov). InFlex and InExt represented movement within a synergistic pattern (InSyn). The ability to move out of a synergistic pattern (OutSyn) was calculated as the sum of OutFlex and OutExt. 
Statistical analysis 
For statistical analysis, all data were tested for normality with the Kolmogorov-
Smirnov test. Initial analysis revealed a small but statistically significant difference in age between both groups, see Table 1. For that reason, all outcome measures were tested for their ability to discriminate between healthy subjects 
and stroke survivors by means of analysis of covariance (ANCOVA) with fixed factor “group” and covariate “age”. Within-subject relations between outcome 
measures were identified and tested with Pearson’s correlation coefficients (r). Correlations were considered weak when r < 0.30, moderate when 0.30 ≤ 
r ≤ 50 and strong when r > 0.50.24 The significance level for all statistical tests 
was defined as α=0.05. 
Figure 3. Graphical representation of the calculation of the normalized work area (normA). The area (A1) enclosed by the hand path is divided by the area (A2) of a circle with a diameter equal to the length of the arm, measured between the acromion and the third metacarpophalangeal joint.
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Results 
Subjects A total of 36 subjects, 20 healthy subjects and 16 stroke survivors, participated in this study. Characteristics of the subjects are summarized in Table 1. All stroke survivors had right-sided hemiparesis, which affected the dominant arm in all but one subject. All healthy subjects performed movements with the dominant arm. Stroke survivors were on average 4.8 years older than healthy subjects, P = 0.032. The effect of age on all outcome measures did not differ 
significantly between stroke survivors and healthy elderly, as indicated by 
non-significant interaction terms (group*age), P > 0.12.
Circle metrics Outcome measures were normally distributed in both healthy subjects (P = 0.337) and stroke survivors (P = 0.365) as indicated by the Kolmogorov-Smirnov test for normality. Group mean normA in healthy subjects was 34.6 ± 
6.7%, which is significantly (P < 0.001) larger than the mean normA in stroke survivors, which was 12.8 ± 12.3% (see Figure 2 for typical examples). On 
average, roundness was significantly higher (P < 0.001) in the healthy group (0.66 ± 0.07) compared to the stroke survivor group (0.39 ± 0.17). Healthy 
subjects had significantly (P < 0.001) higher self selected movement speeds compared to stroke survivors (45.5 ± 8.6 and 16.2 ± 8.0 cm/s, respectively) 
and significantly (P < 0.001) shorter movement times to draw one circle (3.2 ± 0.9 and 7.8 ± 5.1 s, respectively).
Joint excursions 
All measured joint excursions during circle drawing were significantly smaller (P < 0.001) in stroke survivors compared to the healthy subjects, see Figure 4. 
Table 1. Subject demographic and clinical characteristics  Healthy Stroke N 20 16 Age (yrs) 53.9 ± 5.3 58.7 ± 7.4 Gender 10 M / 10 F 8 M / 8 F Dominance 20 R / 0 L 15 R / 1 L Time post stroke (yrs) - 3.3 ± 2.6 Fugl-Meyer (max 66) - 33.4 ± 17.6 (7 - 60) Fugl-Meyer proximal (max 30) - 15.8 ± 8.5 (1 - 29)M = male; F = female; R = right side; L = left side
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Figure 4. Group mean joint excursions during circle drawing of healthy subjects and stroke survivors. Error bars indicate one standard deviation. EP = Elevation Plane, EA = Elevation Angle, AR = Axial Rotation, EF = Elbow Flexion.
Figure 5. Occurrence of synergistic movement patterns during circle drawing. Boxplots of movement within (InSyn) or out of (OutSyn) synergistic movement patterns and single-joint 
movements (SJMov) of healthy subjects and stroke survivors. 
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Table 2. Pearson’s correlation coefficients between outcome measures.FM FMp normA rness InSyn OutSyn SJMov EP EA AR EFFM 1 0.97 0.79 0.75 -0.72 0.84 -0.41 0.63 0.58 0.63 0.83FMp 0.97 1 0.86 0.79 -0.76 0.84 -0.33 0.77 0.68 0.72 0.90normA 0.79 0.86 1 0.78 -0.56 0.62 -0.24 0.87 0.90 0.84 0.95rness 0.75 0.79 0.78 1 -0.65 0.78 -0.44 0.76 0.79 0.87 0.91InSyn -0.72 -0.76 -0.56 -0.65 1 -0.92 -0.06 -0.61 -0.48 -0.49 -0.64OutSyn 0.84 0.84 0.62 0.78 -0.92 1 -0.35 0.57 0.52 0.59 0.73
SJMov -0.41 -0.33 -0.24 -0.44 -0.06 -0.35 1 0.01 -0.18 -0.33 -0.31EP 0.63 0.77 0.87 0.76 -0.61 0.57 0.01 1 0.81 0.90 0.86EA 0.58 0.68 0.90 0.79 -0.48 0.52 -0.18 0.81 1 0.85 0.87AR 0.63 0.72 0.84 0.87 -0.49 0.59 -0.33 0.90 0.85 1 0.87EF 0.83 0.90 0.95 0.91 -0.64 0.73 -0.31 0.86 0.87 0.87 1FM = Fugl-Meyer; FMp = proximal part of upper extremity part of Fugl-Meyer; normA = normalized circle area; rness = roundness; InSyn = movement within synergistic pattern; 
OutSyn = movement out of synergistic pattern; SJMov = Single-Joint Movement; EP = Elevation Plane; EA = Elevation Angle; AR = Axial Rotation; EF = Elbow Flexion.
Healthy subjects varied EP on average 89.4 ± 9.5 degrees, against 58.7 ± 25.3 degrees for stroke survivors. The mean excursion of EA in healthy subjects was 16.1 ± 3.8 degrees, and 8.1 ± 5.9 degrees in stroke survivors. Mean variations in AR for healthy subjects and stroke survivors were 42.9 ± 9.8 and 25.6 ± 14.3 degrees, respectively. EF was on average 91.9 ± 6.9 degrees in healthy subjects and 34.9 ± 25.5 degrees in stroke survivors. 
Synergistic movement patterns The occurrence of synergistic movement patterns during circle drawing in both healthy subjects and stroke survivors are graphically displayed in Figure 5. Healthy subjects moved on average 11.5 ± 4.6% of the movement time 
within synergistic patterns, which was significantly (P < 0.01) less than stroke survivors, who moved during 22.2 ± 15.6% of the movement time within synergistic patterns. In the healthy group, OutSyn was on average 82.2 ± 4.7% 
which was significantly (P < 0.001) higher than in the stroke survivor group 
with mean OutSyn of 66.7 ± 16.6%. Finally, SJMov was on average 6.3 ± 0.9% in 
healthy subjects, and 11.1 ± 6.6 % in stroke survivors, which was significantly different (P < 0.05). 
Relations between outcome measures 
Pearson’s correlation coefficients between the used outcome measures of stroke survivors are displayed in Table 2. The outcome measures used to describe the size and shape of the drawn circles are strongly related to the 
6CIRCLE DRAWING IN STROKE
105
Figure 6. Relation between the proximal part of the upper extremity part of the FM scale (FMp) and the occurrence of synergistic movement patterns. InSyn = movement within synergistic pattern, OutSyn = movement out of synergistic pattern.
proximal part of the upper extremity portion of the FM scale (r = 0.86 and r = 0.79, respectively). Strong positive correlations can also be seen between the joint excursions and the size and shape of the circle (r ≥ 0.76).  Movement within synergistic patterns is negatively correlated with FMp (r = -0.76), FM (r = -0.72), and the size and shape of the circles, r < -0.56, see Table 2 and Figure 6. InSyn is also negatively correlated with joint excursions (r < -0.48), indicating that subjects generally have smaller joint excursions when movement takes place within synergistic patterns. The ability to move out of synergistic movement patterns as indicated by OutSyn is positively correlated with the FMp (r = 0.84), FM (r = 0.84) and the size and shape of the circles (r > 0.62). Movement out of synergistic patterns is also positively correlated with joint excursions (r > 0.52).
Discussion In this study, a standardized motor task and corresponding metrics were examined for discriminative power between healthy subjects and stroke 
survivors. Significant differences in normalized circle area, circle roundness, and the occurrence of synergistic movement patterns between healthy 
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subjects and stroke survivors were found, indicating the ability of these outcome measures to discriminate between these two groups. Also strong within-subject relationships were found between several outcome measures in a sample of mildly to severely affected chronic stroke survivors. 
Work areaReduced aROM during various movement tasks is commonly observed in stroke survivors, for example during planar pointing movements.25 The present study indicates that joint excursions of the hemiparetic shoulder and elbow 
are diminished, resulting in a reduced work area of the hand. This finding is supported by studies of Sukal and Ellis16,26 who showed a reduced work area of the paretic arm compared to the unaffected arm, during an aROM task with the upper arm elevated to 90 degrees (comparable to EA = -90 degrees in the present study). 
RoundnessRoundness of circles drawn by stroke survivors was previously studied by Dipietro and colleagues.17,23 The method of determining roundness of a circle22 was equal in the present study and the studies by Dipietro et al. During baseline measurements, Dipietro et al.17 found a mean roundness of 0.51 in a sample of 117 chronic stroke survivors with a mean FM score of 20.5. Mean roundness of the circles drawn by the chronic stroke survivors (mean FM 33.4 points) in the present study was 0.39, indicating that circles were more elliptical (i.e. less 
round). This was unexpected since a positive correlation coefficient (r = 0.76) between the FM score and roundness was found. A possible explanation for this discrepancy was already hypothesized in Dipietro et al., they measured subjects while the arm was supported against gravity. Application of gravity compensation reduces the activation level of shoulder abductors needed to hold the arm against gravity, and as a result the amount of coupled involuntary 
elbow flexion is decreased, leading to an increased ability to extend the elbow.6,27 In the case of circle drawing, increases in aROM due to gravity compensation can lead to smaller differences in lengths of the major and 
minor axes of the fitted ellipse, resulting in higher values for roundness. 
Work area and FMIn the present study, a strong correlation between aROM, as represented by the normalized circle area, and the FM scale was found. Similar results were found 
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in a study performed by Ellis et al.16 In that study, aROM of stroke survivors during different limb loadings was measured. Movement was performed in the horizontal plane, with the upper arm elevated to 90 degrees. Correlation between aROM and FM varied with limb loading, and was 0.69 in the unsupported condition. In the present study, the relationship between FM and 
normalized circle area was stronger, as indicated with a correlation coefficient 
of 0.79. The difference in correlation coefficients can be caused by differences in the performed movement task. During the study by Ellis et al., subjects were asked to make a movement as big as possible without instructions concerning the shape of the movement. Participants of the present study were asked to make circular movements as big and as round as possible. Also, some differences in applied normalization procedures to minimize the effect of arm length on work area may have contributed to differences in the correlation between FM and aROM. Nevertheless, both studies showed strong relations between FM and aROM, indicating that circle area is a suitable outcome measure to objectively study activities of the upper extremity following stroke. 
Roundness and FMCompared to the present study, Dipietro et al.17 found similar, but less pronounced correlations between roundness and the FM scale (r = 0.55 against r = 0.75) and between roundness and the proximal upper extremity 
part of the FM scale (ρ = 0.61 against ρ = 0.79) during baseline and evaluation measurements. Because subjects in the study of Dipietro et al. drew circles in a gravity compensated environment, joint coupling during circle drawing is likely to be less pronounced compared to the unsupported arm movements that were made during the FM assessment, resulting in a less strong correlation between the FM score and circle roundness. 
Joint coupling and FMAgain, concerning the correlation between the FM and joint coupling, a comparison between Dipietro et al.17 and the present study reveals a stronger correlation in the latter one, which is likely related to the use of gravity compensation in Dipietro et al. Also, Dipietro et al. studied joint coupling by comparison of shoulder horizontal ab-/adduction (i.e. plane of elevation in 
the present study) and elbow flexion/extension angles whereas in the present study simultaneous changes in elevation angle and elbow angle represented joint coupling. A lower correlation between the proximal part of the FM 
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scale and joint coupling as calculated by Dipietro et al. could also indicate that coupling between plane of elevation and elbow angle is less strong than coupling between elevation angle and elbow angle. This is supported 
by a smaller amount of secondary torque of elbow flexion measured during 
an isometric maximal voluntary contraction (MVC) of shoulder flexion (i.e. shoulder horizontal adduction) compared to an MVC of shoulder abduction.28 Despite small differences in motor task, methods and analyses, both studies indicate that circle drawing is a suitable movement task to study coupling between two joints. 
Multi-joint movementCompared to a rather strong focus on single-joint movements of the FM assessment, outcome measures concerning multi-joint movements are more suitable to study motor control during movements that resemble ADL tasks. Circle drawing is a multi-joint movement task that requires selective and coordinated movement of both the shoulder and elbow joint. At the activity level, normalized circle area gives a quantitative description of the size of the area where the stroke survivor can place his hand to grasp and manipulate objects. In addition, the measured joint excursions, the calculated roundness, and the occurrence of synergistic movement patterns quantify arm movement at the body function level. Drawing tasks are often used to study motor control of the arm during multi-joint movements, for example to study control of interaction torques between the shoulder and elbow joints.29,30As demonstrated in the present study and several other studies, circle size and roundness are strongly related to the widely used FM scale. This suggests that measurement of circle size and shape can give similar information about the level of impairment of stroke survivors. However, circle metrics are measured objectively and are insusceptible to subjective judgment by the examiner. 
Objective outcome measuresQuantitative outcome measures strongly related to pathological impairments can help to create a better understanding of neurological changes induced by 
post stroke rehabilitation therapy. Knowledge of size and shape of circular movements after stroke is extended in the present study by measurement of circle metrics in healthy subjects. The ability to compare changes of circle metrics induced by post stroke interventions with values obtained from a healthy population can provide insight in whether neural recovery takes place 
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or whether stroke survivors use compensatory strategies. The degree to which 
both processes occur may influence future post stroke rehabilitation programs.31A better understanding of mechanisms involved in post stroke rehabilitation is needed to maximize the effect of future approaches to improve upper extremity functionality. The use of standardized quantitative outcome measures allows 
a uniform comparison of different interventions to study their efficacy and 
identify which interventions are the most beneficial for stroke survivors.
Clinical implicationsMeasurement of the use of synergistic patterns as described in this paper requires an advanced measurement system that is capable of measuring joint angles. These outcome measures can be useful to study underlying mechanisms of restoration of arm function after stroke in a research setting. Circle size and roundness can be measured not only with advanced measurement systems, but with any measurement device that is capable of measuring hand position. Besides advanced robotic systems, one can think of simple and affordable hand tracking devices, for instance based on a camera.  Such equipment is suitable to deploy in clinical practice which allows simple but objective measurement of meaningful measures of arm function.
Conclusions The aim of this study was to examine whether circle drawing metrics are suitable outcome measures for stroke rehabilitation. The present study indicates that it is possible to make a distinction in circle area, roundness and the use of synergistic movement patterns between healthy subjects and stroke survivors with a wide range of stroke severity. These circle metrics are also strongly correlated to stroke severity, as indicated by the proximal upper extremity part of the FM score. Outcome measures such as circle area and roundness can be a valuable addition to currently used outcome measures, because they can be measured objectively with any measurement device that is capable of measuring hand position. Such simple and affordable equipment is suitable to be deployed in clinical settings. 
Identification of abnormal synergistic movement patterns requires more advanced equipment that is capable of measuring joint angles of the shoulder and elbow. Research into changes in the use of abnormal movement patterns is 
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useful for a better understanding of mechanisms that are involved in restoration of post stroke arm function. Data obtained from healthy elderly can help to interpret changes in circle drawing metrics of stroke survivors, for instance to study effectiveness of post stroke interventions aiming at restoration of arm function.   
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Abstract The goal of this study was to investigate the attentional load of using the upper limb in moderately and mildly affected patients after stroke, with and without arm support. Ten patients with stroke (4 mild and 6 moderate paresis) and ten healthy, gender- and age-matched control subjects performed a dual-task experiment that consisted of a circle drawing task and an auditive Stroop task. Complexity of the motor task was manipulated by supporting the arm against gravity. Individual motor (area×speed) and cognitive (accuracy/reaction time) scores during the dual-task conditions were converted into percentage scores relative to the respective single-task scores and then combined in a single measure of net dual-task performance. Without arm support, only 
moderately affected patients showed significantly greater side differences in dual-task performance to the detriment of the affected upper limb. With arm support, no side differences were found for any of the three groups. Thus, the hypothesis that patients with moderate upper-limb paresis suffer from a lack of automaticity of motor control was substantiated by the dual-task condition. Furthermore, supporting the arm reduced the attentional load of using the affected side. 
7UPPER-LIMB ATTENTIONAL DEMANDS
117
1. IntroductionApproximately 70% of patients in the acute phase of stroke suffer from some degree of paresis of the upper limb.1 Regaining optimal use of the affected upper limb after stroke is a formidable challenge. Although new training interventions (e.g., robot-assisted training, virtual reality training, Constraint-Induced Movement Therapy)2 often show beneficial effects on the motor capacities of the affected upper limb, the transfer of functional gains into daily-life activities is not as apparent.3-6 The discrepancy between what patients are able to do with their paretic upper limb (i.e., capacity) and the actual use of this limb in daily life (i.e., performance) has been addressed in detail by Michielsen et al.7 They found that upper-limb capacity in patients after stroke needed to reach a certain level before spontaneous daily use of the paretic limb really improved. This observation raises the question what underlying processes determine spontaneous upper-limb use, besides a certain level of sensorimotor capacity. In this study, we relate motor learning to attentional processes as a possible explanation for the often observed discrepancy between capacity and actual use of the upper limb in patients after stroke.Motor learning is often divided in distinct phases, leading to skilled behavior requiring minimal attentional resources. Doyon and Benali described a fast and slow learning stage, followed by a retention stage.8 In the fast (or early) stage, considerable improvements in performance may occur in a single training session. In the slow (or later) stage, improvements occur over several 
sessions of practice, usually at a slower pace than in the fast stage. In the final retention stage, motor skills can be performed effortlessly even after long periods without additional practice. At this stage, the skills are believed to be automated, requiring only minimal attentional resources. In patients after stroke, attentional demands have previously been investigated for gait and postural control using dual-task experiments.9-11 These studies have shown that gait and postural control in these patients are not as fully automated as in healthy controls. Interestingly, up to date only one study investigated automaticity of upper-limb motor control after stroke by means of a dual-task experiment.12 Because this study used a motor (and not a cognitive) secondary task, the observed effects cannot unambiguously be attributed to generalized attention capacity interference. Indeed, two motor tasks are likely to cause structural interference, since they may use the same sensory and motor processing systems.13
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In the present study, we hypothesize that the attentional demands of using the affected upper limb after stroke are disproportionately high because of a lack of automaticity. Obviously, upper-limb motor control is more cognitively driven than gross motor activities such as walking. Nevertheless, even complex unimanual or bimanual actions, such as writing or tying shoelaces, 
can normally be performed almost without significant attention. This allows other attention-demanding tasks to be continued, such as listening or maintaining a conversation. In fact, paying too much attention to a highly-learned (manual) skill can even be detrimental as the focused attention implies a step-by-step monitoring of the skill leading to worse performance than when the action is executed more automatically.14 For many patients with upper-limb paresis due to stroke, we presume that the motor control 
of the affected limb has not reached a level of automaticity that is sufficient to allow its effortless use during daily-life activities, perhaps even for those patients that appear relatively mildly affected. As a consequence of this lack of automaticity, the affected limb may be used less than one would expect based on the individual’s motor capacity, leading to compensatory overuse of the non-affected limb. Automaticity of motor control can effectively be examined using a dual-task paradigm. In such a paradigm, a motor task must compete with a cognitive task for the same attentional resources.15 If the motor task requires a disproportional amount of attention, dual-task interference is observed. Dual-task interference results in decreased performance of either the motor task, the cognitive task, or both, which is evidenced by slower performance and increased errors compared to single-task performance.16 For instance, the performance of a complex bimanual task by healthy young subjects was shown to decrease under dual-task conditions in the early stages of motor learning, but not in the later (more automated) stages.17 The present study is 
the first study to apply a dual-task paradigm for motor control of the upper limb in a group of patients with mild to moderate upper-limb paresis due to stroke. As a proof of principle, we tested whether patients after stroke suffer from a lack of automaticity of the affected upper limb. Based on the reasons outlined above, we had three expectations. First, we expected patients to perform worse on either or both tasks during the dual-task condition when they would use their affected upper limb, because the complexity of the motor task can be considered higher compared to using their non-affected upper limb (and compared to healthy controls). Second, we expected 
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moderately affected patients to show more dual-task interference than mildly affected patients. Third, we expected that reducing the complexity 
of the motor task would have a beneficial effect on dual-task performance particularly in moderately affected patients. This was done by supporting the upper limb against gravity, which was found to facilitate arm movements without impairing motor control.18 When patients would only have to control the movements of their arm and hand in the transversal plane (their arm movements being supported against gravity) attentional demands were expected to be reduced as a result of a diminished coordinative complexity of upper-limb control. We did not expect any differences between the single- and dual-task performance in the healthy control subjects.
2. Methods 
2.1 ParticipantsWe recruited 10 patients after stroke and 10 age- and gender-matched healthy 
control subjects. Inclusion criteria for the patients were: 1) definite diagnosis of unilateral stroke at least 6 weeks prior to the experiment, 2) reduced upper-limb motor function, capacity and/or performance, and 3) at least stage 4 (out 
of 6) of the Brunnstrom recovery stages as defined for the upper limb, so that 
patients were minimally able to move their affected upper limb in basic flexion and extension synergies.19 Patients were selected from a convenience sample recruited at an inpatient and outpatient department of a rehabilitation center so that 6 patients had a recovery stage of 4 or 5 of the affected upper limb (‘moderate’ paresis), and 4 patients had a recovery stage 6 (‘mild’ paresis). Upper-limb motor function was assessed with the Fugl-Meyer Assessment,20 capacity with the Stroke Upper Limb Capacity Scale,21 and performance with the Motor Activity Log.22 Patients were excluded if they had severe aphasia, 
cognitive impairments, or uncorrected auditory deficits. All participants gave written consent prior to participation. The study was approved by the local ethics committee and conducted in accordance with the ethical standards laid down in the 1975 Declaration of Helsinki.
2.2 Experimental setup and procedureAs a motor task, participants made circular movements in the transversal plane with their hand just above a horizontal table without touching it and 
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without holding an object in their hand (Figure 1). Participants were seated with their lower back supported by a height-adjustable chair, with their abdomen against the table, and with their forearm just above the table so that 
the elbow was flexed at approximately 90º while the upper arm was parallel to the trunk. They were instructed to draw continuous circles as large and round as possible at their own pace during 30 seconds while making a minimum of trunk movements. In the dual-task condition they concurrently performed a cognitive task, the auditory Stroop task.23 The Stroop task consisted of the auditory presentation of the words “high” and “low”, spoken in either a high- or low-pitched voice, 2 seconds apart. One trial consisted of 12 stimuli: 6 congruent (i.e., “high” in a high-pitched voice or “low” in a low-pitched voice) and 6 incongruent (i.e., “high” in a low-pitched voice or vice versa) stimuli presented in a random order and equally timed over 30 seconds. Participants were instructed to verbally indicate the pitch of the voice as fast as possible while ignoring the actual word presented. Participants were allowed to correct their response before the next stimulus occurred. In both the single-motor and dual-task conditions, anti-gravity support was given. That is, all motor conditions were performed with and without support of the arm using a gravity compensation device (Freebal) that allows for three-dimensional (3D) reaching movements.24 The Freebal provides support at the level of the elbow and proximal of the wrist. Thus, in an experimental design, 3 factors were manipulated: side (non-affected vs. affected upper limb; dominant vs. non-dominant in controls), 
Figure 1. Scheme of the circle task as seen from above.
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support (with vs. without), and task (single vs. dual), which resulted in 8 unique conditions. In addition, the cognitive task was performed as a single task. Table 1 provides an overview of the 9 conditions. Two 30-second trials per condition were performed. The motor task was performed in clockwise and counter-clockwise direction. The conditions were presented in 4 different orders so that side and support were counterbalanced. Each participant was randomly allocated to one of the 4 orders so that maximally 3 patients and 3 control subjects were allocated to the same order. The single cognitive task 
was also performed twice (i.e. before the first and after the last motor task). During all dual-task conditions, participants were instructed to perform both tasks to their best ability. During the experiment, movement kinematics were recorded using a 3D digital optical motion capture system (Vicon Motion Systems Ltd, Oxford, 
UK) that tracked light-reflective markers placed on the hand (distal part of the third metacarpal bone) and trunk (acromio-clavicular joint) at a rate of 100 samples per second (Figure 1). The participants wore a headset with a microphone for the playing and recording of the Stroop task. 
2.3 Data analysis
Kinematic data were first processed using Vicon Nexus Software to produce 3D coordinates of each marker, and were then processed in Matlab (version 7.5.0; The MathWorks, Naticks, Massachusetts, USA). Each trial started and ended at the maximum displacement of the hand in the vertical (forward-backward) direction, to ensure that the data contained only full circles. For the motor task, spatial and temporal characteristics were combined into one composite score that yielded a single measure of movement quality.25 The spatial aspect of the 
movement was defined as the circle size, calculated as the average area of the 
Table 1. Conditions of the experiment.Task Single cognitive Single motor DualSupportSide n.a. With Without With WithoutAffected (non-dominant)* 1 2 3 6 7Non-affected (dominant)* 4 5 8 9* in healthy subjects
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circles in the transverse plane within each trial. This calculation was based on the hand marker and corrected for movements of the trunk, by subtracting the coordinates of the trunk marker from the hand marker in the transverse plane. The temporal aspect consisted of the average speed of the movement, calculated as the average circumference of the circles within each trial divided 
by the average movement duration of the circles (2×π×radius/duration). The 
composite motor score was then calculated as area×speed. The cognitive task was assessed by combining the 2 key aspects of cognitive processing, i.e., speed and accuracy. We only used the incongruent stimuli in 
the analysis, as there was no conflict resolution during the congruent stimuli. To this aim, the percentage of correct answers to the incongruent stimuli was divided by the mean reaction time to all incongruent stimuli (accuracy/
reaction time). Reaction time was defined as the time between the start of the incongruent stimulus and the start of the corresponding response of the participant during the Stroop task determined by visual inspection of the auditory signal in Matlab. When a participant corrected an incorrect response in time, the start of the correct response was used. When a participant gave no response at all, this response was recorded as incorrect and reaction time was not used. Finally, the composite motor and cognitive scores were combined in one overall measure of dual-task performance in order to examine whether the two tasks interfered with each other.25,26 To this end, the individual motor and cognitive scores during the dual-task conditions were converted into percentage scores relative to the respective individual single-task scores. The average of the percentage scores of the motor and the cognitive task was then calculated as the net dual-task performance for both the unsupported and supported conditions for each body side. Thus, a score lower than 100% indicates worse performance during the dual-task than the single-task condition, whereas a score higher than 100% indicates better performance during the dual-task condition. 
2.4 Statistical analysis
Based on the above-mentioned hypotheses, we first calculated differences in net dual-task performance between the non-affected and affected body side. Then, these side differences were tested for group effects (moderate stroke, mild stroke, control) in the unsupported and supported conditions 
using the Kruskal-Wallis test. We used non-parametric statistics because of 
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Table 2. Clinical characteristics of the patients after stroke.Participant1 2 3 4 5 6 7 8 9 10Age (years) 69 74 47 56 63 65 61 58 66 68Sex m m f m m m m f m mDominant arm r r r r r r r r r rAffected arm l l r l r l r l l rCause of stroke (infarct/hemorrhage) i i i i i i i i i hTime after stroke (weeks) 11 12 7 7 8 119 10 10 405 421Upper-limb test (range)Brunnstrom (0-6) 6 5 6 6 5 4 4 6 5 5Fugl-Meyer Assessment (0-66) 61 61 59 66 48 40 32 63 54 45Stroke Upper Limb Capacity Scale (0-10) 9 5 6 10 3 6 3 10 7 7Motor Activity Log (0-5)Amount of Use n.a. 3.0 1.8 4.0 0.4 2.4 0.8 3.6 4.8 2.2Quality of Movement n.a. 3.2 1.8 3.4 0.4 2.1 0.8 3.6 3.8 2.5Note: n.a., not available
Figure 2. Individual net dual-task performance. The net dual-task performance for both sides of each patient in the unsupported condition is plotted as a percentage of the single-task performance, which is 100%. Patients used their affected or non-affected side, while control subjects used their non-dominant or their dominant side, respectively.
the small group sizes in order not to violate the assumptions of parametric tests. Furthermore, we ensured that the movements of the upper limb were corrected for trunk movements in the transversal plane by testing the effects of dual task, side, and support on trunk movements in each patient group using the Wilcoxon signed rank test. All tests were applied two-tailed with a level of 
significance of 0.05 and all analyses were performed in SPSS version16.0. 
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3. Results Ten patients after stroke (mean age=62.7, SD=7.7, range 47-74, 8 male) and 10 healthy controls (mean age=61.8, SD=7.3, range 48-75, 8 male) participated in this study. Clinical characteristics of the patients are presented in Table 2. Trunk movements were not affected in either patient group by side, support or dual task. Figure 2 shows the individual net dual-task performance for each patient and control subject without arm support. Figure 3 shows the mean net dual-task performance for each group both without (panel a) and with arm 
support (panel b), with corresponding 95% confidence intervals. There were 
significant group differences in the unsupported condition (p=0.028), but not in the supported condition (p=0.73). Figure 3a clearly shows that only the moderately affected patient group showed a substantial side difference to the detriment of the affected arm. This side difference almost completely 
disappeared with arm support (Figure 3b) and became non significant.Figure 4 shows the differential effects on the motor and cognitive task performance in the supported and unsupported conditions for the affected upper limb of the patients with stroke and for the non-dominant upper limb of the control subjects. Clearly, only the moderately affected patients revealed 
a beneficial effect of arm support on the dual-task costs, as their performance improved on both the motor and the cognitive task. The performances of the mildly affected patients and control subjects, on the other hand, did not differ with arm support. 
4. Discussion 
To our knowledge, this study is the first to use a dual-task paradigm consisting of a motor and a cognitive task to assess automaticity of upper-limb motor control in patients after stroke. Our results indicate that the applied dual-task procedure is feasible in patients with mild to moderate upper-limb paresis. Dual-task interference was found neither in mildly affected patients 
nor in healthy control subjects. Hence, our first hypothesis was not entirely corroborated. However, in accordance with our second hypothesis, moderately 
affected patients showed significant dual-task interference when they used their affected compared to their non-affected upper limb. Apparently, patients with limited motor selectivity of the paretic arm and hand (Brunnstrom stages 
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Figure 4. The differential effects on the motor and cognitive task performance in the supported and unsupported conditions for the affected upper limb of the patients after stroke and for the non-dominant upper limb of the control subjects. Scores on the motor task (area×speed; x-axis) and cognitive task (accuracy/reaction time; y-axis) are shown as percentages of their respective single-task scores (=100%).
Figure 3. The net dual-task performance for both sides of each group is plotted as a percentage 
of the single-task performance, which is 100%. Error bars indicate the 95% confidence interval, plotted one-sided. Patients used their affected or non-affected side, while control 
subjects used their non-dominant or their dominant side, respectively. There were significant group differences in the unsupported condition (panel a; p=0.028), but not in the supported condition (panel b; p=0.73). Only the moderately affected patients showed substantial side differences in the unsupported condition, which were not present in the supported condition.
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4 and 5) can perform a specific motor task, but only at the cost of a significant amount of attentional resources. Consequently, fewer resources are available to perform a concurrent cognitive task. Because we used a cognitive task (auditory Stroop task) that has little overlap with the applied motor task (circular arm movements) regarding the underlying sensory and motor 
processes, it is justified to conclude that the observed dual-task interference is related to a limited generalized attention capacity.13 As such, this study provides proof of principle that motor control of the affected upper limb in patients with limited motor selectivity lacks the automaticity that is necessary for easy and optimal use of the arm and hand during basic activities. The relevance of this proof is embedded in the fact that we found no existing clinical test of upper-limb function, capacity or performance in the literature that makes an attempt to assess underlying control characteristics, such as increased dependency on attentional resources. These underlying control characteristics, however, do carry an important clinical meaning. They may explain why the affected upper limb is not used to such an extent as its motor capacity under relatively simple circumstances would predict. Thus, they may explain part of the often observed capacity-performance discrepancy. They may also point toward important goals for (extended) rehabilitation, i.e. the reduction of abnormal dependency on attentional resources. Interestingly, the observed dual-task interference in moderately affected patients became non 
significant when the paretic arm was compensated for gravity, which confirmed our third hypothesis. This result indicates that these patients needed much less attention to make the circular arm movements with the paretic arm supported. In line with this, Prange et al.18 have recently reported that muscle activity needed to control the affected shoulder after stroke was indeed less when the arm was supported against gravity, which might leave more control capacity available for the generation and coordination of hand movements. In addition, arm support is known to reduce involuntary synergistic movement patterns, enabling more selective joint control,27 which may also contribute to a reduced task complexity. This notion may be particularly valid for patients with a limited capacity to selectively control individual joints. A strong aspect of this study is that we assessed both the speed and quality of the motor and cognitive task and integrated these performance characteristics into composite motor and cognitive scores, respectively, and ultimately into a single measure of dual-task interference costs. Similar analyses were 
performed by Kelly et al.,25 who investigated dual-task interference effects of 
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the auditory Stroop task during walking. By using this composite score we were able to control for trade-off effects between speed and accuracy within one task as well as for trade-off effects between the tasks that might have obscured costs. In addition, calculating net dual-task costs with respect to the individual single-task performance allowed for straight-forward statistical analysis and interpretation, while controlling for individual side differences in motor capacity. By decomposing the motor and the cognitive task (Figure 4), it was evident that the moderately affected patients performed worse on both tasks during the dual-task condition with their affected arm. Moreover, 
arm support proved to be beneficial for the performance of either task, thus 
reducing the net dual-task costs to a non significant level. An obvious limitation of the present study is the small sample size, leading 
to relatively large confidence intervals, which may have led to false negative results particularly in the mildly affected patients. In addition, the level of 
difficulty of the motor task may also have influenced this, as the circle drawing task was found to be strongly correlated with the proximal part of the Fugl-Meyer scale.28 Because the mildly affected patients had higher Fugl-Meyer scores, the circle drawing task may not have been challenging enough to cause dual-task interference. Taken together, however, the results of this proof-of-principle study in patients after stroke warrant further research in larger patient groups. A second limitation is that we applied only one combination of a motor and a cognitive task, using the arm and hand in an ‘open kinematic chain’ movement. The circular hand movement task was chosen to allow 
optimal benefits from support of the arm against gravity. It is, nevertheless, possible that different results would have been obtained when the arm and hand would have been tested in a ‘closed kinematic chain’ movement (e.g. while drawing a circle on the table). Finally, the findings of this study may have 
been influenced by the limited number of motor task trials. It is possible that the moderately affected patients needed more trials to cope with the demands of the dual task than the mildly affected patients and the healthy control subjects. This notion should be investigated further to determine the possible learning effects of dual tasking across multiple trials.Future studies should replicate the occurrence of dual-task interference in upper-limb motor control after stroke as observed in this study by including larger patient groups and using different (combinations of discrete and continuous) motor tasks, thus aiming to improve sensitivity and clinical feasibility. The dual-task paradigm needs to be elaborated so that it can 
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possibly differentiate between mildly affected patients and healthy control subjects as well. The patients in this study were a heterogeneous group with large individual differences in the time interval post stroke. Future studies need to examine the effects of cognitive task performance on upper-limb motor control while differentiating between patients in the (sub)acute and chronic stages after stroke. Furthermore, although the use of composite scores in this study enabled straightforward analysis and interpretation of the net dual-task performance, future studies should also determine what aspects of the motor and cognitive performances are prioritized and what aspects are neglected. For instance, by looking at the speed and quality of the movements separately, more insight can be obtained in the individual problems of upper-limb motor control after stroke in order to optimize rehabilitation strategies. Finally, even 
though trunk movements were not influenced by dual tasking in this study, the analysis of trunk movements in relation to upper-limb movements can provide essential information about the use of compensation strategies and 
the influence of cognition on such compensation. Indeed, trunk displacement has been found to be able to differentiate between mildly and moderately affected patients with stroke, being an indicator of upper-limb recovery.29 Ultimately, dual-task interference costs should be related to upper-limb capacity and performance to validate the notion that enhanced attentional dependency can explain capacity-performance discrepancy in individual 
patients. The observed immediate beneficial effects of arm support on the attentional demands of upper-limb motor control after stroke warrant further investigation into the long-term effects of arm support training. Theoretically, anti-gravity support of the affected arm would enable patients to train goal-directed movements of the hand with greater complexity and intensity than without support, which might facilitate the automatization process of these primary movements. Gradually, arm support could be reduced allowing for learning effects to be consolidated while at the same time coping with the challenge to stabilize the affected arm in space. Indeed, training with arm support has shown to improve unsupported, independent arm movement ability.30-32 However, to our knowledge, no study has yet considered the cognitive aspects of upper-limb motor control during or after arm training using either robotic or other intensive upper-limb training interventions. This is in contrast with the considerable amount of studies on the automaticity of postural control and gait in patients with stroke,9-11,33-35 and studies on stroke recovery using dual tasks.36-39 When assessment of dual-task costs at the 
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behavioral level would be combined with neurophysiological measures (e.g., functional magnetic resonance imaging, or electroencephalography combined with event-related potential registration), such studies will shed more light on the neural processes associated with motor learning, e.g. regarding the activation levels of the cortico-striatal system.40,41 Assessments of automaticity that include neurophysiological as well as behavioral measures may uncover 
underlying motor control deficits that may explain discrepancies in an individual’s capacity and actual use of the affected upper limb. Such research may ultimately improve the rehabilitation of the upper limb after stroke, well tuned to the individual level of severity and the phase of motor learning. 
5. ConclusionThis study has provided proof of principle that in patients with moderate paresis of the upper limb due to stroke, the attentional load of using the affected limb is higher than when using the non-affected limb, when controlled for side differences in motor capacity. It also showed that arm support against gravity 
may have an immediate beneficial effect on these attentional demands, which warrants further research into the occurrence and treatment of automaticity problems of upper-limb motor control after stroke. 
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Abstract A common problem in children with hemiplegic cerebral palsy (CP) is the asymmetrical development of arm and hand capacity caused by the lack of use of the affected upper limb, or developmental disregard. In this paper, we provide a neuropsychological model that relates developmental disregard to attentional processes and motor learning. From this model, we hypothesize that high attentional demands associated with the use of the affected upper limb might hinder its use in daily life, and therefore may be a factor in developmental disregard. This can be assessed with a dual-task paradigm. However, until now, this has not been applied to children with CP. We provide recommendations for using a dual-task paradigm in children with CP based on empirical studies in typically developing children and children with developmental coordination disorder. Ultimately, these dual-task studies may be used to improve interventions aimed at reducing developmental disregard.
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1. IntroductionOne third of the children with cerebral palsy (CP) have unilateral motor impairments, or hemiplegic CP, predominantly involving one upper and lower limb at the same side of the body. These children often use their most affected arm and hand less frequently and less skillfully than their least or non-affected arm and hand, which in turn limits their independence in daily life. However, the reduced capacity (i.e., the ability to execute meaningful tasks in daily life)1 related to the brain damage is not the only reason for the reduced spontaneous use of their affected upper limb in daily life (i.e., performance)1. These children also suffer from an asymmetrical development caused by the lack of use of the affected arm and hand. In children with CP, this phenomenon is referred to as “developmental disregard”.2 Developmental disregard (DD) 
can be defined as a failure to use the potential motor functions and capacities of the affected arm and hand for spontaneous use in daily life. DD is often compared to a phenomenon that may occur after a cerebrovascular accident (stroke), which is referred to as “learned nonuse”.3 Taub et al.3 explained the nonuse of the affected upper limb after stroke from a behavioral perspective, in which movements are supposed to be suppressed by negative reinforcement. In order to reverse learned nonuse, they developed a training intervention (Constraint-Induced Movement Therapy; CIMT), in which the key element is restraining the non-affected arm and hand, thereby promoting the use of the affected arm and hand through intensive training.3 Recently, the concept of CIMT has been adjusted for children with CP and a number of review studies have been performed to examine its effectiveness.2,4,5 Although these studies found a positive trend in effectiveness, the evidence was not conclusive. One of the recommendations made in the Cochrane review by Hoare et al.2 was that more objective and validated outcome measures should be used to assess changes in the use of the affected upper limb in daily life (performance). In the studies reported by Hoare et al.,2 most outcome measures used to assess performance were not accompanied by psychometric data. The only outcome measure on the functional use of the affected arm in bimanual tasks with adequate reliability, validity, and responsiveness to change was the Assisting Hand Assessment (AHA).6 Surprisingly, while the main aim of CIMT is to reduce DD, up to date there have been no systematic studies to determine this. Only recently, a systematic observation instrument has been developed with which DD can be assessed in a reliable and valid 
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way7 following modified CIMT (mCIMT) combined with bimanual training in children with hemiplegic CP.8 In this study, the training intensity of original CIMT (i.e., minimally 3 hours of therapy a day for 2 weeks) was adjusted to be suitable for children (3 hours of therapy a day, 3 days a week for 6 weeks). Aarts et al.8 found that only children with poor manual ability (score III on 
the Manual Ability Classification System)9 improved significantly on the DD score, whereas children with better manual ability hardly showed any changes on this measure. In fact, even though some of these children showed improvements in capacity, they still underused their affected arm and hand. This raises the question as to what underlying processes, besides negative behavioral reinforcement, are involved in DD. In this paper, we provide an explanation using a neuropsychological model that relates motor learning to cognition. The crucial elements of this model are the attentional processes associated with motor learning. 
2. Relationship between motor learning and cognition Rehabilitation may be regarded as the (re)learning of motor control.10 In children with CP it is not as much relearning (as is the case after stroke), but rather learning of movements of the affected arm that have never, or hardly ever, been performed before. Fitts and Posner proposed a theory of motor learning that has been widely accepted.11 Their theory proposes three phases of motor learning; the cognitive, associative, and automatic phase. A central tenet of this theory is that improvements in a motor skill run parallel with a decrease in cognitive or attentional resources needed to perform the task 
(Figure 1a). In the third and final phase, the motor skill requires only a minimal amount of attention and the skill is said to be automated.12 This close relationship between cognitive processes and motor-skill learning has important implications for functional recovery.13 It was empirically shown that patients who have to (re)learn a lost motor skill following acquired brain damage such as stroke, or lower-limb amputation, needed a high level of attention in the early stages of rehabilitation.14,15 Only when the attentional load was reduced and the skill became increasingly automated, functional recovery was complete and the skill could be used with little mental effort in daily life. We argue that in children with CP the discrepancy between capacity and performance of the affected upper limb in daily life, i.e. DD, coincides 
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with an excess in cognitive effort that is associated with motor control of the affected upper limb. Hence, in our explanation, we explicitly link behavior (motor learning) with brain processes (attention). That is, if a task performed with the affected upper limb is not automated and therefore requires a disproportional amount of attentional resources, it is likely to be avoided in daily life, and consequently performed with the least or non-affected side. It is exactly this aspect of performance that CIMT tries to overcome.
3. Dual-task paradigmA well-established paradigm with which the level of automaticity of a motor task can be assessed is the dual-task paradigm. Here, a motor task is executed while at the same time an attention-demanding cognitive task needs to be performed.16 According to Kahneman,16 attention is limited and if the motor task requires too much of the maximally available attentional capacity, errors or delays in the performance of one or both tasks are observed. This is referred to as dual-task interference.16 The amount of interference depends 
Figure 1. Theoretical model on the relationship between motor learning and attentional resources. In the early phase of motor learning, a large part of the available attentional 
resources are needed to perform the motor task (panel a). During the final phases of motor learning, attention gradually decreases until the motor task is performed almost automatically. 
If the motor task is sufficiently automated and adequate attentional resources remain available (indicated by the black arrows), then performing a cognitive task concurrently with a motor task does not interfere with the motor task (panel b). If the motor task, however, 
is not sufficiently automated, dual-task interference occurs (indicated by the white arrow in panel b), over-demanding the attentional resources and resulting in errors or delays in the performance of either or both tasks.
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on the level of attention that is needed for the motor and the cognitive task. If a motor task is adequately learned, few attentional resources are needed 
to perform the task, thereby leaving sufficient resources for the performance of concurrent attention-demanding tasks. However, if a motor task is not 
sufficiently automated and requires a disproportional amount of attentional resources, the performance of both tasks cannot be maintained and dual-task interference occurs (Figure 1b). Dual-task paradigms have been extensively used in rehabilitation research in patients with acquired brain damage (e.g. stroke), patients with Parkinson’s disease, balance-impaired elderly, and healthy younger and older adults.17 In general, a dual-task paradigm is viewed as a more accurate representation of daily life than a controlled laboratory setting without any concurrent cognitive task. It may therefore provide a more sensitive assessment of functional recovery. For instance, in a study on recovery of standing balance after stroke, the effects of a concurrent arithmetic task were tested on, among other factors, the ability to load the affected leg.18 It was 
found that, although weight-bearing asymmetry significantly improved after training in the single-task condition, it remained consistently higher in the dual-task condition over the course of rehabilitation. In other words, patients may have consciously learned to distribute their weight more symmetrically, but this was not fully automated. During a concurrent attention-demanding task the patients tended to rely more on their non-affected leg. These results underscore the importance of measuring automaticity of motor control via dual-task conditions, which would remain undetected under single-task conditions.
To evaluate the efficacy of CIMT in children with CP, it is also of eminent importance to assess the level of automaticity of motor control. While the majority of studies using (m)CIMT showed improvements of capacity of the affected upper limb after the intervention,2,4,5 there is still a void in research scrutinizing the long-term effects on actual use of the affected side in daily life. The next generation intervention programs need to consider the attentional efforts associated with the motor tasks in such a way that better insights can be obtained in the underlying factor(s) of DD. Starting from our neuropsychological model we argue that the origin of DD may, at least in part, be sought in the attentional resources associated with the motor performance, even after weeks of intensive rehabilitation. 
8DUAL TASKING IN CP 
139
3.1. Dual-task paradigms in children with CP
In order to provide an overview of the research that used dual-task paradigms for children with CP, we conducted a systematic search in the Pubmed, Medline, PsychINFO and Embase databases using the following key words: (1) dual task, or concurrent task; combined with (2) cerebral palsy, 
or congenital. Studies were qualified as dual-task studies when a motor task was combined with a cognitive task. We found only one study that used a dual-task paradigm in children with CP. This study was on postural control and not on upper-limb control.19 In this study, children with bilateral CP (10–14 years old) were compared to a group of typically developing older children (7–12 years old) and typically developing younger children (4–6 years old). All children performed two postural control tasks (wide and narrow stance), with a concurrent cognitive task scaled to the individual ability (visual working memory task). Results indicated that children with CP, like the younger children, were more unstable in narrow stance and performed worse on the memory task than the older children. Although postural control in the wide stance did not differ between children with CP and older children, children with CP, like the younger children, demonstrated more dual-task interference when the cognitive task was added compared to the older children. Thus, the dual task was a sensitive measure of automaticity of postural control. Obviously, this literature search lays bare a void in studies on motor control and attentional load in CP. From our reasoning above it is evident that advances need to be made in the research area of upper-limb motor control and attentional load in CP. Therefore, in the remainder of this article, we will provide recommendations for the use of a dual-task paradigm in children with CP. First, we will discuss the use of dual-task experiments in typically developing children, to assess the general ability of young children to perform multiple tasks. Second, we will discuss dual-task experiments in children with a congenital motor disorder that is sometimes referred to as “mild CP”: developmental coordination disorder (DCD). Third, by combining 
these findings we provide recommendations for future research in children with CP. 
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3.2. Dual-task paradigms in typically developing children A prerequisite for performing dual tasks is the ability to divide attention between the two tasks. Dividing attention is a function of ‘executive attention’, which entails processes involved in the regulation of thought, emotion and behavior.20 These control processes improve exponentially with age, with most changes occurring between 8 and 12 years of age.21 The ability to focus attention on a task goal while ignoring irrelevant sources of information improves most markedly between 6 and 10 years of age.22,23 Still, children as 
young as 3 years old were able to perform conflict resolution in a modified Stroop paradigm, which is also a function of executive attention.20 In the original Stroop task, subjects are instructed to name the color of the ink of a presented word, which can be congruent (i.e., the word ‘red’ in the color red), incongruent (i.e., the word ‘red’ in the color green), or neutral (i.e., the word ‘table’ in the color red). These studies indicate that children as young as 
3 years old were able to divide attention and resolve conflicts. Nevertheless, these tasks should be tuned to the child’s individual level, as younger children have a smaller overall capacity of the executive attentional system.24,25 In order to determine dual-task interference (i.e., performance on the dual task relative to the single task), the single-task performance has to reach a certain level of accuracy to allow for possible changes in performance during the dual task compared to the single task.26Recent dual-task studies with typically developing children showed that children from 4 to 12 years old were capable of performing dual tasks during postural control24,27-30 and walking31,32. All studies showed dual-task effects. Still, protocols and outcome variables varied among the different studies. In the cognitive tasks, for instance, the repeating of numbers or words, counting, 
remembering words or shapes, and conflict resolution in a modified Stroop task were used. Two studies found increases in postural sway during the dual-task condition in children between 8 and 10 years of age, but did not report the effects on the cognitive task.27,29 Other studies compared children with healthy young adults, and used motor and cognitive tasks with different levels 
of difficulty.24,28,30 In general, they found a lower overall motor and cognitive performance in the children (7–12 years old), even more so in younger 
children (4–6 years old) and with increased task difficulty.31,32 
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3.3. Dual-task paradigms in children with DCDThere have been some studies using a dual-task paradigm in children with DCD with results similar to those of typically developing children. Studies on postural control found more dual-task interference in children with DCD than in typically developing children.33,34 One study on walking did not report such a difference.35 During a manual tracing task in which children with DCD, children with ADHD, and typically developing children had to draw a straight line within a 2 mm wide path, no dual-task interference was found.36 Although different cognitive tasks were used that were expected to result in different levels of dual-task interference (i.e., distraction using background music and a telephone ring sound, counting upwards in steps of one, and naming animals that were presented next to the drawing path), no performance decline on the tracing task was observed in any of the groups. These results suggest that the cognitive tasks were not enough attentionally demanding to result in dual-task interference.  
4. Main points of focus in a dual-task paradigm for children 
with CP In sum, previous studies showed that typically developing children and children with DCD were able to perform dual tasks, and that dual-task interference was generally higher in children with DCD. Therefore, application of this methodology in children with CP demands careful selection of the cognitive as well as the motor task, as not all combinations will lead to interference. In children with DCD, several cognitive tasks resulted in the expected dual-task interference during postural control. These were: naming visually presented objects, counting backwards in steps of three, naming the pitch of a tone (high or low), and remembering food items. However, during walking, repeating series of digits forwards and backwards resulted in equal levels of dual-task interference in children with DCD and typically developing children, indicating 
that this task was too difficult for both groups. During a manual task, however, no dual-task interference effects were found in children with DCD, children with ADHD, and typically developing children. The cognitive tasks used in this manual tracing experiment (distraction, counting forwards with steps of one, naming animals) may have been too easy in combination with the manual task. Another key factor may be that, obviously, the consequences of failure to 
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perform the manual task are not as detrimental as during walking and balance control. For children with CP, these results have to be taken into consideration 
when designing an upper-limb dual-task paradigm. The level of difficulty of 
the cognitive task should possibly be more difficult than merely distraction, 
counting and naming objects, but not as difficult as remembering series of digits. In addition, children with CP often have problems in executive functions, such as sustained and divided attention37 and inhibitory control38. Thus, the cognitive task should be scaled to the level of the individual child. Finally, a visual working memory task was found to be suitable for children with CP 
in a postural control task (after scaling the difficulty to the individual child), but together with a manual task, a visual task may yield different results. A manual task relies heavily on visual control and adding a concurrent visual cognitive task may result in structural interference instead of generalized attention capacity interference. Structural interference takes place if two 
tasks are controlled by similar specific sensory or motor subsystems, whereas generalized attention capacity interference takes place when two tasks rely on the same attentional resources.16 Clearly, finding the best combination of a 
motor and a cognitive task in a dual-task paradigm for a specific patient group of a certain age is an empirical question of great challenge that requires taking into account existing empirical evidence and theoretical considerations on the relation between brain and behavior.In addition to the choice of tasks, it is important to search for the most 
sensitive outcome measures in the tasks that reflect interference effects. Most upper-limb motor tasks have temporal and spatial accuracy demands that show a speed-accuracy trade-off.39 The performance of many cognitive tasks may show similar speed-accuracy trade-off effects, for instance between speed and errors. In addition to these within-tasks trade-off effects, there are the between-tasks trade-off effects inherent in all dual-task paradigms. This complexity of outcomes warrants a thorough (a priori) consideration of the use of composite scores that integrate within-tasks trade-off effects as well as of statistical approaches to use such composite scores into one overall analysis. In this respect, instructions given to the participants are essential. Should they 
value one task over the other in the case of difficulty, or is the execution of both tasks equally important? Is accuracy more important than speed within a task or vice versa? Only with proper instructions, a fair interpretation of the results is possible, both on an individual and on a group level.  
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5. Implications for future research Many rehabilitation programs for children with hemiplegic CP aim at reducing DD. However, while there is substantial evidence for positive effects of e.g. (m)CIMT on upper-limb motor capacity, there is not yet convincing evidence that such rehabilitation programs are effective in decreasing DD. In this paper, we propose a neuropsychological model from which we hypothesized that attentional demands associated with the use of the affected upper limb might hinder its use in daily life, despite improvements in capacity after intensive training. A dual-task paradigm consisting of an upper-limb motor task combined with a cognitive task can be used in future studies as a means to assess automaticity of motor control following an intervention. In addition, 
neuroscientific methods such as electroencephalography and event-related potential registration may be applied to scrutinize and directly measure the cognitive effort during motor performance.40 Finding an answer to the question whether lack of automaticity plays a role in 
DD is a necessary next step in improving long-term efficacy of rehabilitation in children with hemiplegic CP. Indeed, the ultimate goal of upper-limb rehabilitation is the reduction of DD and the improvement of spontaneous use of the affected limb in daily life. Therefore, dual-task paradigms should be implemented in intervention programs, so that the cognitive effort associated with upper-limb control can be closely monitored and rehabilitation programs 
can become fine-tuned to the individual child. One training aspect that may be improved is the intensity of practice, such as frequency and duration. While basic capacity may be optimized within a short training period, automatization of this capacity may take much longer, i.e., follow a different time scale of learning, and thus require a different type of training. In current CIMT programs shaping is an important aspect to improve capacity. Still, the 
reduction of DD may in fact benefit more from practice under various complex (dual-task) conditions.39,41 For instance in sports, substantial repetitive training is needed for a novice to achieve a certain skill level. However, a great number of matches and tournaments that are played in various circumstances are required to develop a truly robust level of skilled performance that can be maintained even under stressful or distracting circumstances. Upper-limb training should, therefore, not end after an intensive rehabilitation program, but be continued and integrated in the daily-life activities of children with CP. 
CHAPTER 8
144
6. ConclusionBased on a neuropsychological model and existing empirical evidence in individuals with acquired brain damage, we hypothesize that lack of automatization of movement might be a crucial underlying factor for DD in children with hemiplegic CP, even after intensive rehabilitation. However, this has not yet been substantiated by empirical studies in this group. Intensive training programs that use complex (dual-task) conditions should be 
investigated for their efficacy in this respect. Dual-task studies with typically developing children and children with DCD indicate that dual tasking is applicable in young children with and without motor disorders. Therefore, dual-task assessment should be considered as an important outcome measure to investigate automaticity of upper-limb motor control in children with CP before and after training interventions. As it cannot be expected that a standardized dual-task protocol will become available for children of different age and severity, well considered motor and cognitive tasks must be developed, together with valid outcome measures. These can build on studies conducted in typically developing children and children with DCD. Furthermore, parallel to investigating automaticity of upper-limb motor control, advancements need to be made in improving automaticity during intervention programs with the ultimate goal of improving spontaneous use of the affected upper limb in daily life.
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SummaryPatients with unilateral brain damage often suffer from motor disorders of predominantly one side of the body. These motor disorders can seriously limit the performance of daily-life activities, particularly when the upper limb is affected. Adults with stroke and children with cerebral palsy (CP) are two of the most common groups of patients with unilateral brain damage. Rehabilitation in these groups is aimed at improving the capacity to execute activities in order to improve the performance of these activities in daily life. However, despite dedicated rehabilitation, there often remains a discrepancy between the maximal capacity observed during standardized assessments and the actual performance in daily life. Many patients after stroke as well as children with CP appear to “underuse” their affected upper limb in daily life, even when 
their motor deficits are relatively mild. This phenomenon is also referred to as “learned nonuse” in patients after stroke, and “developmental disregard” in children with CP. In order to resolve this discrepancy, it is necessary to 
assess the specific limitations in upper-limb capacity and performance, as well as the factors that may underlie any discrepancy. The main aim of this thesis was, therefore, to address the assessment of upper-limb capacity and performance in patients after stroke and in children with CP, and to provide new perspectives on the underlying factors of the often observed discrepancy between upper-limb capacity and performance. 
Chapter 1 is a general introduction and provides background information on patients after stroke and on children with CP. It addresses upper-limb rehabilitation and issues on the assessment of upper-limb capacity and performance, and discusses the often observed discrepancy between capacity and performance. Finally, an outline of the thesis is provided. The body of this thesis is subdivided into two parts. In the first part, two new observational scales are presented that were designed to assess upper-limb capacity (Stroke Upper Limb Capacity Scale; SULCS, revised Video Observations Aarts and Aarts module Determine Developmental Disregard; VOAA-DDD-R) and performance 
(VOAA-DDD-R) in patients with unilateral spastic paresis. The first 3 chapters describe the psychometric properties of the SULCS (chapters 2 and 3), and the recovery of upper-limb capacity based on the SULCS in patients who had been 
admitted to a rehabilitation center after stroke (chapter 4). The final chapter of part 1 describes the psychometric properties of the VOAA-DDD-R with 
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which upper-limb capacity, performance, and developmental disregard can be assessed in children with CP (chapter 5). The second part provides a new, neurocognitive perspective on (the assessment of) the discrepancy between upper-limb capacity and performance. This neurocognitive perspective relates the discrepancy to attentional demands of upper-limb motor control. 
The first two chapters of part 2 describe experimental studies in patients after stroke, in which a circle-drawing task was validated (chapter 6) and then used in a dual-task paradigm to assess the attentional demands of upper-limb motor control (chapter 7). Finally, chapter 8 provides a theoretical view of the discrepancy between upper-limb capacity and performance related to increased attentional demands (and concurrent lack of automaticity), with a focus on children with CP.
Part 1: New observational scales
Chapter 2 describes the development and some of the psychometric properties of the SULCS, which was designed to assess upper-limb capacity in patients with mild to severe paresis after stroke. The SULCS consists of ten meaningful tasks that relate to daily activities in the home environment. A total of 546 patients after stroke undergoing inpatient rehabilitation were included in this study to investigate the scalability, unidimensionality, hierarchy, 
internal consistency, differential item functioning, floor and ceiling effects, and feasibility of the SULCS. Scalability implies that the separate item scores of a scale can be added to form one sum score. When a scale is unidimensional, it means that the items assess a single construct, in this case upper-limb capacity. A scale is hierarchical when the items are ordered from easy to 
difficult. When a scale is internally consistent, the items are highly interrelated. 
Differential item functioning addresses whether the items of a scale can be used in different subgroups of patients. Floor and ceiling effects are indicated when more than 15% of all patients receive the minimal or maximal score, respectively. Finally, feasibility of the SULCS was defined as the time needed to complete the test, after applying start-and-stop rules. Start-and-stop rules can be applied when the items are hierarchically ordered, and are formulated as follows. Start with the easiest task when a patient has severe paresis, continue 
with the tasks from easy to difficult and stop when the patient is unable to perform three consecutive tasks. When a patient is mildly affected, start with 
the most difficult task, and continue with the tasks from difficult to easy until the patient is able to perform three consecutive tasks. Results showed that the 
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SULCS is a strong, unidimensional, hierarchical, and internally consistent scale. No differential item functioning was found, indicating that the SULCS can be used in both older and younger patients, males and females, patients with left- and right-sided hemiparesis, and in patients with hemorrhagic and ischemic 
stroke. No floor effects were found (14% of patients on admission and 5% at discharge had the minimal score), but there was a possible ceiling effect (20% of patients on admission and 42% at discharge had the maximal score). The mean time to administer the SULCS was 6 minutes, after applying start-and-stop rules. In conclusion, the SULCS is an easy-to-use instrument that assesses upper-limb capacity in patients after stroke, with excellent scaling properties and a short administration time. 
The aim of chapter 3 was to investigate the reliability and validity of the SULCS. The SULCS was administered to 21 patients after stroke on three occasions during inpatient rehabilitation. In order to determine inter-rater reliability, the SULCS was administered twice within one week at discharge by different occupational therapists. The repeatability between these measurements 
was assessed by calculating the intraclass correlation coefficient (ICC) with 
corresponding 95% confidence interval (CI). In order to determine construct validity, the SULCS was cross-sectionally correlated (Spearman’s rank 
correlation coefficient; ρ) on admission with the Action Research Arm Test (ARAT) and Rivermead Motor Assessment (RMA) and longitudinally with the respective change scores between admission and discharge. The SULCS had a high ICC (0.94; 95% CI [.86-.97]) and strong cross-sectional correlation with both the ARAT and the RMA (ρ=.91 and ρ=.85, respectively), while the respective change scores showed a strong correlation with the ARAT (ρ=.71) and a moderate correlation with the RMA (ρ=.48). In addition, the SULCS showed much less relationship with the ARAT and the RMA, respectively, in the lower half of the scale than in the upper half. In fact, the SULCS showed more variability in 11 “lower band” patients than the ARAT and RMA. This may imply a greater sensitivity of the SULCS in patients with little or no hand capacity. This study showed that the SULCS is reliable and valid, and particularly sensitive in patients with little or no hand capacity. 
In chapter 4, recovery of dexterity after stroke was investigated during inpatient rehabilitation based on the SULCS. In this study, 299 patients after stroke were assessed on admission and at discharge with the SULCS. 
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Patients were classified on admission in three groups based on the SULCS: no hand capacity (SULCS score 0-3; 125 patients), basic hand capacity (SULCS score 4-7; 58 patients) and advanced hand capacity (SULCS score 8-10; 116 patients). Of the patients with initial basic hand capacity, 78% regained advanced hand capacity at discharge. Of the patients without initial hand 
capacity, 41% regained at least some dexterity (SULCS score≥4) at discharge. In this group, patients with SULCS scores 2 and 3 had 29 and 97 times greater odds of regaining some dexterity than patients with an initial SULCS score 0, respectively. The SULCS score at discharge was independently explained by the SULCS score on admission (51% explained variance), and by the time since stroke (7% explained variance). In conclusion, even patients with relatively poor upper-limb capacity after stroke have a fair chance of regaining some dexterity when they have basic shoulder and elbow control on admission in a rehabilitation center. Patients without proximal arm control have a poor prognosis for regaining dexterity, although positive exceptions exist even in this group.  
The study reported in chapter 5 evaluates the validity and reliability of the VOAA-DDD-R in children with CP. In this revised version, the task contents 
have been improved and the scoring system has been simplified. The VOAA-DDD-R aims to assess upper-limb capacity, performance and developmental disregard in children with unilateral spastic CP. This was assessed during two standardized activities: a task demanding the use of both hands (stringing beads) and a task stimulating but not demanding the use of both hands 
(decorating a muffin). During both tasks, the frequency of grasping, holding, and releasing was assessed irrespective of the quality of movement. The 
frequency score during the beads task was defined as the “capacity” score 
(range 0-100%), while the frequency score during the muffin task was 
defined as the “performance” score (range 0-100%). Finally, the difference between the overall duration of upper-limb use during the beads task and 
the muffin task was determined as a measure of developmental disregard (range 0-100%). The VOAA-DDD-R was administered twice in 25 children with CP aged between 2.5 and 8 years and in 46 age and gender matched typically developing children. Construct validity was determined by testing the differences between the children with CP and the typically developing children. Intra-rater, inter-rater, and test-retest reliability were estimated by calculating ICCs. In addition, the standard error of measurement (SEM) and 
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the smallest detectable difference (SDD) were calculated. Results showed 
significant differences between children with CP and typically developing children for all scores (P<0.05). Overall, the ICCs were high, ranging from 0.79 to 1.00. The SEMs and SDDs ranged from 4.5% to 6.8% and from 12.5% to 19.0%, respectively. In conclusion, the revised version of the VOAA-DDD is reliable and valid, and has a simpler scoring system than the previous version. Using the three scores of the VOAA-DDD-R (i.e., capacity, performance, and 
developmental disregard), specific problems in upper-limb functioning of a child with CP can be uncovered so that training interventions can be individually tailored.
Part 2: New perspectivesThe goal of the study presented in chapter 6 was to evaluate whether a circle-drawing task was suitable to evaluate upper-limb motor control in patients after stroke. It was investigated if circle-drawing metrics could differentiate between 16 patients after stroke and 20 healthy control participants, and whether task performance was related to stroke severity by correlating circle-drawing metrics with the upper-limb part of the Fugl-Meyer (FM) scale. The 
results showed that the patients performed significantly worse during the circle-drawing task than healthy participants. The patients with stroke drew smaller circles, which were less round, with a lower self-selected speed than healthy participants (P<0.05). Furthermore, the patients moved in synergistic movement patterns, more than healthy participants. The circle-drawing 
metrics were strongly and significantly correlated with the FM scale (Pearson 
correlation coefficient r ranged from 0.75 to 0.84 for circle area, roundness, and movements outside synergistic patterns, and was -0.72 for movement in synergistic patterns). It was concluded that the circle-drawing task can be used to discriminate between patients after stroke and healthy participants, and that circle-drawing metrics are strongly related to stroke severity as indicated with the FM scale.
In chapter 7, the attentional demands of using the upper limb were investigated in patients after stroke using a dual-task paradigm. Six moderately (Brunnstrom stages 4 and 5) and 4 mildly (Brunnstrom stage 6) affected patients, and 10 age and gender matched healthy control participants performed the circle-drawing task reported in chapter 6 and a concurrent auditive Stroop task. Motor complexity was manipulated by performing the 
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circle task with and without support of the arm against gravity. Individual motor (area × speed) and cognitive (accuracy / reaction time) scores during the dual-task conditions were converted into percentage scores relative to the respective single-task scores, and then combined in a single measure of net dual-task performance. Only patients with moderate paresis showed 
significantly greater side differences in dual-task performance to the detriment of the affected upper limb without arm support (P<0.05). With arm support, no side differences were found for any of the three groups. These results support the hypothesis that patients with moderate upper-limb paresis experience a higher attentional load when using the affected side and, thus, suffer from a lack of automaticity of upper-limb motor control. This lack of automaticity may underlie the often observed discrepancy between the capacity and the performance (i.e., actual use) of the upper limb in these patients.
Chapter 8 describes the relationship between motor learning and attentional processes, and applies this relationship to the concept of “developmental disregard” in children with CP. Based on a neurocognitive theory, it is argued that the discrepancy between capacity and performance of the upper limb can (at least to a certain extent) be explained by disproportionally high attentional demands of upper-limb motor control. The attentional processes associated with upper-limb control can be assessed by using a dual-task paradigm, but a systematic literature search revealed that no such study has as yet been conducted in children with CP. Therefore, recommendations for the use of a dual-task paradigm in children with CP are provided based on empirical studies in typically developing children as well as in children with developmental coordination disorder (DCD). These studies showed that typically developing children and children with DCD are capable of performing dual tasks, provided that the tasks are adjusted to the individual capacities of the child. It appears that children with DCD perform generally worse on dual tasks than typically developing children. Furthermore, the cognitive task 
should be sufficiently challenging in order to result in dual-task interference during an upper-limb motor task. Finally, besides choosing appropriate tasks, 
sensitive and interpretable outcome measures that reflect interference effects need to be selected, e.g., by using composite scores of speed and accuracy.  
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General DiscussionOne of the main goals of rehabilitation in patients with spastic (hemi)paresis is to optimize upper-limb capacity within the possibilities of the individual patient, so that the functional performance during daily-life activities improves. There is, however, no linear relationship between improvements of upper-limb capacity and performance.1 Despite intensive training interventions, some patients with hemiparesis still underuse their affected arm and hand during many activities. 
Apparently, there are other factors besides the level of capacity that influence spontaneous use of the affected upper limb. Indeed, behavioral (e.g. related to negative reinforcement), neurocognitive (e.g. related to attention) as well as personal and environmental factors may modify the relationship between 
capacity and performance (Figure 1). Because it is difficult to directly influence upper-limb performance during daily life through rehabilitation, the modifying factors mentioned in Figure 1 should be considered as relevant targets for rehabilitation interventions. 
Assessment 
CapacityAssessment of capacity is necessary to determine the maximal level of a person’s ability to perform certain activities2 and to adjust a rehabilitation program to the individual needs. In stroke rehabilitation, there are many measures that aim to assess upper-limb capacity. However, there is a lack of measures that assess basic (proximal) arm capacity in addition to capacities involving the affected hand. In the work reported in chapters 2 and 3, it was shown that the Stroke Upper Limb Capacity Scale (SULCS) can be used to assess basic as well as advanced upper-limb capacity. The hierarchical ordering of the items of the SULCS enables fast scoring and easy interpretation. Furthermore, the inter-rater reliability and construct validity are high. However, a possible ceiling effect warrants further research in stroke patients with a high level of upper-limb capacity who may still experience limitations in terms of speed and 
quality of fine motor control. For instance, adding 1 or 2 more difficult items with a time limit may better discriminate between patients who now receive the maximal score of 10. When these items would be added to the existing scale, it would of course need to be retested for its psychometric properties.In CP, there are also several reliable and valid measures available to assess upper-limb capacity.3,4 However, there is a lack of outcome measures to assess 
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basic arm capacity in addition to upper-limb capacity involving the affected hand as well. Although the revised Video Observations Aarts and Aarts module Determine Developmental Disregard (VOAA-DDD-R) presented in chapter 5 focuses on activities that require active hand use (grasping, holding, and releasing), the VOAA software does comprise a module to assess basic arm activities such as stabilizing, pushing and pulling, shaking and pouring, and catching. These activities have not been evaluated in the study reported in chapter 5, because the VOAA-DDD-R aims to assess upper-limb capacity and performance in relation to developmental disregard and, therefore, focuses on capacities involving the affected hand. Future studies may use the VOAA software to develop a module for the assessment of basic arm capacity.
PerformanceValidated and reliable performance measures are urgently needed in both stroke5 and CP3,4 rehabilitation, particularly for patients with low levels of upper-limb capacity. The most common way to assess performance in daily life is by self-report questionnaires from patients or parents, such as the (Pediatric) Motor Activity Log6-9 and the ABILHAND (-kids)10-12. A limitation of these instruments is that they are subjective and, therefore, prone to personal interpretation and inconsistency. In order to assess upper-limb performance more objectively, wearable monitoring devices such as an electrogoniometer,13 accelerometer,14 or electrogoniometer in combination with an accelerometer15 
Figure 1. The International Classification of Functioning, Disability and Health (ICF) level of 
activity is divided in two qualifiers, “capacity” and “performance”. The relationship between 
capacity and performance is modified by multiple factors, such as behavioral, neurocognitive, and personal and environmental factors. 
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have been developed and tested in both patients with stroke and children with CP. Although these methods constitute a promising addition to self-report questionnaires, they are time-consuming and sometimes burdensome 
for patients. In addition, it may be difficult to differentiate between active and “passive” movements of the upper limb, for instance during whole-body movements such as walking. A more practical and less time-consuming way to assess “real-life” upper-limb performance is by using video observations during daily-life activities in a standardized setting. For example, the VOAA-DDD-R presented in chapter 5 and the Actual Amount of Use Test16 (AAUT) apply video observations to score the amount of spontaneous use of the affected upper limb during standardized activities in CP (VOAA-DDD-R) and stroke (AAUT). In chapter 5 it was shown that the VOAA-DDD-R is a valid and reliable outcome measure that can differentiate between capacity and performance by using a task that demands hand use (to determine capacity) and a task that stimulates hand use (to determine performance). The AAUT is a video-observation test that uses 17 tasks to score quality and amount of use of the affected upper limb on a 6-point scale. However, more research is needed to determine the psychometric properties of the AAUT. 
Modifying factors
Behavioral factors The observed discrepancy between upper-limb capacity and performance in patients with spastic hemiparesis is often explained from a behavioral perspective. According to Taub et al.,17 the motor limitations caused by the primary neurological injury generally lead to unsuccessful attempts to use the affected upper limb. These “punishing” consequences (for instance failure or pain) may result in a behavioral suppression of the activation of the affected upper limb. Moreover, patients can fairly easily use the less-affected upper limb to compensate for the more severely affected limb in many daily tasks. In addition, because cortical motor representations of the upper limb are relatively large and sensitive to changes in the sensory input from the periphery,18,19 the lack of use of the affected upper limb may result in a shrinkage of cortical representation areas. This phenomenon of “neural decay” in addition to the primary neurological injury may result in a further deterioration of available motor capacities. Taub et al. described this process of negative reinforcement as “learned nonuse” in patients with stroke.6 Similarly, 
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children with CP mostly learn to perform activities with their less-affected upper limb, resulting in underdeveloped motor skills of the affected upper limb. This phenomenon is referred to as “developmental disregard”,20 because children with CP have no previous experience of normal motor function of the limb. Theoretically, learned nonuse and developmental disregard may be resolved by stimulating the use of the affected upper limb, which may lead to activation and enlargement of the cortical sensorimotor representations.17 
Neurocognitive factorsFrom a neurocognitive perspective, it is also possible that e.g. the attentional processes related to motor control determine the discrepancy between upper-limb capacity and performance. In chapter 7 of this thesis, it was shown that patients with a moderate upper-limb paresis after stroke needed more attention to perform a circle-drawing task with their affected arm compared to their non-affected arm. This increased attentional load may be associated with a lack of automaticity, as was discussed on the basis of a theoretical model for CP in chapter 8. One of the challenges that future empirical studies face is to 
relate the concept of “lack of automaticity” to specific degrees of discrepancy between upper-limb capacity and performance. Indeed, it can be expected that patients with a high mental load of using the affected upper limb also 
show a large discrepancy between upper-limb capacity and performance. Yet, the literature search reported in chapter 8 showed that there are no studies that address the attentional load of using the upper limb in CP. As for stroke, we conducted a literature review to evaluate if intensive upper-limb training intervention studies have addressed the cognitive aspects of upper-limb motor control. We conducted a systematic search of the Pubmed database (1990 to May 2010) using the keywords: (1) “stroke”, “cerebrovascular accident”, “cerebrovascular disorders”, “hemiplegia”, OR “hemiparesis”; AND (2) “upper limb”, “upper extremity”, OR “arm”; AND (3a) “robot*”; OR (3b) “virtual reality” OR “virtual environment”; OR (3c) “constraint induced movement therapy”, “CIMT”, “CIT”, “forced use”, OR “massed practice”; OR (3d) “bilateral”, “bimanual”, OR “interlimb coordination” AND “training”, “movement”, “rehabilitation”, “therapy”, OR “coordination”. In addition, literature references of selected articles were screened for other relevant studies. We only selected studies when: (1) at least 5 participants were patients after stroke; (2) the intervention group received a form of intensive upper-limb training (i.e., Constraint-Induced Movement Therapy (CIMT), robot training, bilateral 
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arm training, virtual reality (VR) training); (3) the intervention group was compared to a control group; and (4) the study was published in the English language in a peer-reviewed journal. All outcome measures used in these studies were screened for cognitive aspects of upper-limb motor control or capacity. Of 260 potentially relevant studies, 132 were selected based on abstract screening, of which a selection of 84 studies met the inclusion criteria and were eventually analyzed in detail. These included 43 studies on CIMT, 25 studies on robot training, 11 studies on bilateral arm training, and 5 studies on VR training (see Appendix 1). For references of the included studies, see Appendix 2. Despite the large number of intervention studies, there was no 
single study that addressed the attentional load of upper-limb motor control, or any other neurocognitive factor, in patients with stroke (Appendix 1).The results from the literature studies in CP and stroke underscore the need to investigate the attentional demands of upper-limb motor control in relation to the discrepancy between upper-limb capacity and performance. The study 
presented in chapter 7 is the first study to investigate the mental load of using the upper limb in stroke and found that moderately affected patients had relatively high attentional demands when using the affected limb in a circle-drawing task. Future studies need to further investigate the attentional demands of upper-limb use in mildly affected patients, for instance with a more 
difficult motor task. As for CP, chapter 8 provides recommendations based on studies in typically developing children and children with developmental coordination disorder (DCD) that can be used to design a dual-task paradigm to investigate the attentional load of using the upper limb. Furthermore, future studies in stroke and CP should also focus on other neurocognitive factors (and how they relate to each other), which may modify the relationship between upper-limb motor capacity and performance such as perception, motor planning, and (working) memory. Visual perception, for instance, may become more important in patients with stroke or CP. From basic studies of upper-limb motor control,21 it has become evident that upper-limb proprioception is critical at the start of the reaching movement and during the transport phase of the hand, whereas vision is dominant at the end of the hand trajectory when precision grip is needed. However, when proprioception is impaired, a quite different situation occurs where vision may become the dominant source of information during the entire reach-and-grasp.22 Like attentional demands, this increased “visual dependency” has hardly received attention in studies of upper-limb motor 
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control. It is, on the other hand, well known as a compensatory phenomenon in the control of posture and gait in patients with impaired proprioception.23-25 Quite often, increased visual dependency coincides with increased attentional demands of the motor task.26-28 Based on the notion of increased visual dependency of upper-limb motor control after stroke, it may be assumed that 
individuals experience reduced motor flexibility, since vision can no longer be used to the same extent for other tasks (e.g. keeping eye contact with the person one is talking to). This situation would increase the likelihood of visual 
interference between both tasks. In such a situation, a patient who suffers from a lack of proprioceptive control of the upper limb may easily choose to minimize reaching and grasping with this limb to avoid visual interference even in common daily-life situations. Other neurocognitive factors that may modify the relationship between upper-limb motor capacity and performance are motor planning and working 
memory. Before executing an action, the motor system first needs to predict the consequences of the action in order to select the most appropriate motor strategy. For instance, different objects (e.g., a cup or a pen), require different 
grip types and fingertip forces and these need to be tuned beforehand for a smooth movement execution. Furthermore, a properly functioning working memory is essential for motor planning and motor execution, because in the working memory, action representations are internally reproduced and sensory information is temporarily stored.29,30 Deficits in motor planning or working memory would likely result in limitations in the smooth execution of motor actions. In fact, it was found in patients with spastic hemiparesis that motor planning and working memory were impaired,31,32 and this may contribute to the avoidance of using the affected upper limb in daily life. 
Personal and environmental factors
Finally, personal and environmental factors may potentially influence upper-limb performance in daily life. According to the ICF2, a person’s functioning (all body functions, activities and participation) is viewed as a result of the interaction between the health condition and the personal and environmental factors (Figure 2). The personal factors include for instance gender, age, and coping style, while the environmental factors comprise social support, housing, culture, and religion. All these factors need to be taken into account when selecting an appropriate rehabilitation intervention. For instance, when personal and environmental factors limit a patient’s use of the upper limb 
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in daily life as a result of shame or unnecessary assistance from a spouse, 
these factors need to be identified and, whenever possible, addressed in the rehabilitation program.
Rehabilitation
After assessing which specific factors influence a patient’s upper-limb performance, these factors need to be addressed in an individually tailored rehabilitation program.33,34 Realistic and attainable goals should be defined, not only based on the needs of the individual patient, but also on the individual potential for upper-limb functional recovery. In chapter 4, it was shown that the initial level of upper-limb capacity is highly predictive of the ultimate recovery after stroke. Since functional outcome of the upper limb is greatly determined by the skills of the hand and less by the transport function of the arm,35 the 
presence of some distal hand capacity is a prerequisite for a beneficial effect of intensive therapies such as CIMT. In particular the existence of residual wrist 
and finger extension36-39 at the start of the rehabilitation process can be used 
to stratify stroke patients into subjects who will likely benefit from training 
aimed at maximizing unilateral upper-limb capacity and those who will benefit more from training directed at compensatory movement strategies and/or bimanual activities.40,41 Next to this, the results reported in chapter 4 have shown that an initial degree of proximal control of the shoulder and elbow is also associated with a much greater chance of developing some dexterity in a later stage. Future studies should focus on the (common) neurophysiological 
Figure 2. The ICF framework. 
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mechanism underlying the predictive value of initial finger, wrist, elbow, and shoulder control for the development of dexterity after stroke.
Although the specific content of therapeutic interventions will differ based on the different potentials and goals of each patient, some practice principles should be applied to all interventions. Because rehabilitation is essentially a process of learning lost or new motor skills, the practice principles that are essential to motor learning should also be applied to patients with hemiparesis to promote motor recovery.33,42 The most fundamental principle 
of motor learning is sufficient amount of practice, which is directly associated with the amount of learning.43 In other words, the more practice, the better the learning process. This practice principle was also found to be important in 
rehabilitation. Kwakkel et al. found that increased treatment time (i.e., at least 16 hours of additional therapy time) had favorable effects on the recovery of 
(instrumented) ADL and walking speed in patients within the first six months after stroke.44 However, improvements in motor skills are only related to the 
specific task that is being practiced and usually show little or no transfer to other activities.43 Therefore, upper-limb training should not only be intensive 
but also task-specific and focused on relevant daily-life activities. Furthermore, the complexity of performing an activity outside the training sessions is usually much higher than within the training sessions because, in daily life, we often perform multiple tasks in parallel. For instance, driving while maintaining a conversation or walking while carrying grocery bags are activities that require more than merely adequate motor capacity of the upper limbs. Thus, training a motor task under dual-task conditions increases its complexity, which may be considered a more realistic representation of daily life. In addition to incorporating the practice principles of motor learning in training interventions, it is important to take into account the motor-learning phase of the patient. In theories of motor learning, often three phases are distinguished. Fitts and Posner,45 for instance, proposed three phases through which motor learning progresses, based on the reduction of the attentional load of the motor task. In the early or “cognitive” phase, attentional demands are high because the task has to be understood, and cues about the performance have to be attended to. In this phase, explicit instructions about the performance of the task can be used to adjust previously developed motor skills to the new one. In the intermediate or “associative” phase, sub-movements are 
combined into new patterns and errors are gradually eliminated. In the final or “autonomous” phase, movements are less subject to cognitive control and 
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are performed almost automatically. In patients who are still in the first, cognitive phase of learning, an upper-limb motor task requires a high amount of attentional resources due to a lack of automaticity. It was shown in chapter 7 that moderately affected patients, even those who had had their stroke several years ago, still showed considerable dual-task effects when using their affected arm compared to their non-affected arm. This raises the question as 
to how sufficient automaticity can be reached or, perhaps, whether this can be reached at all. Indeed, the common duration of rehabilitation after stroke (approximately 3 months in the Netherlands and merely 6-8 weeks in the USA) may be too short for motor skills to become automated. While capacity may be optimized in this period, automatization may take much longer, as is generally the case in motor learning, e.g., when playing an instrument or when performing sports. It usually takes months or years of practice for acquired skills to become robust even under stressful or distracting circumstances. A lack of automated skills may, therefore, hamper the transfer of capacities to performance. Future studies should devote efforts to determine the best way of automating upper-limb capacity in order to improve performance. When advanced levels of motor skill are regained, practice should proceed under more complex and variable (e.g. dual-task) conditions to facilitate automatization. Furthermore, the role of social context as well as motivational and emotional factors should be taken into account in rehabilitation programs. For example, virtual reality may be implemented in intensive robot training to keep patients motivated in an implicit way, while psychological interventions such as cognitive behavioral therapy may help patients to cope with negative emotions and cognitions. Finally, training should continue in the home situation after the rehabilitation has ended. Applying the skills that were learned during rehabilitation to the different physical and social environment of daily life requires discipline and perseverance, until there is a lasting behavioral change. For many patients 
this may be a difficult process, because they often associate their going home 
or completing a formal training period with ending their rehabilitation. Yet, performing newly learned skills in daily life should be regarded as a way of extended training. Since there is no longer a therapist who will coach the training, the patient has to become actively involved in a continued process of “self rehabilitation”. Self-management programs may support patients to attain 
sufficient skills to become responsible for their continued rehabilitation. Such programs are currently being developed for patients with stroke.46 Recently, a 
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self-management program has also been developed at the rehabilitation center the Sint Maartenskliniek and the Radboud University in Nijmegen for children with CP who are trained to independently monitor the use of their affected upper limb without any prompts from their social environment (unpublished study). Self-rehabilitation can of course be supported by medical technology such as robotics, virtual reality, and tele-consultation using ICT. In addition to self-rehabilitation, booster rehabilitation sessions with a therapist can be necessary to refresh previously acquired skills, to evaluate and re-set the goals of rehabilitation, and to help overcome possible barriers that stand in the way to attaining future goals. It is a formidable challenge for neurorehabilitation to prove that prolonged and extended (self-)rehabilitation can indeed reduce the gap between upper-limb capacity and performance in patients with unilateral spastic hemiparesis.
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Appendix 1: Table of included studies on training interventions in stroke
Study Clinical tests Motor function
Brain 
activity
Attentional 
processes
Reference Training Function Activity and participation
“Real-life“ 
performance
Kinetics, 
kinematics, 
EMG
fMRI, 
TMS, 
EEG
Cognitive 
factors
Aisen 1997 Robot + +
Alberts 2004 CIMT + + +
Amirabodollahia 
2007 Robot +
Barker 2008 Robot + +
Barker 2009 Robot +
Boake 2007 CIMT + + + +
Bonaiuti 2007 CIMT review + + +
Broeren 2008 VR + +
Brogardh 2006 CIMT + + +
Brogardh 2009 CIMT + + +
Burgar 2000 Robot + + +
Cauraugh 2002 BAT + + +
Cauraugh 2009 BAT + +
Colombo 2005 Robot + +
Colombo 2007 Robot + +
Coote 2008 Robot + + +
Dahl 2008 CIMT + + +
Desrosiers 
2005 BAT + +
Dipietro 2007 Robot + +
Dromerick 2000 CIMT +
Dromerick 2006 CIMT + + +
Fasoli 2003 Robot +
Fasoli 2004 Robot + +
Fasoli 2004a Robot +
Ferraro 2003 Robot + +
Fischer 2007 Robot + + +
Fritz 2005 CIMT + +
Fritz 2007 CIMT + + +
Gauthier 2008 CIMT + + +
Hakkennes 
2005
CIMT 
review + + +
Henderson 
2007
VR 
review + + +
Jang 2005 VR + + + +
Kahn 2006 Robot + + +
Kim 2008 CIMT + +
Krebs 2008 Robot +
Kwakkel 2008 Robot review + +
Lin 2007 CIMT + + +
Lin 2009 CIMT & BAT + + +
Lin 2009a CIMT + + +
Luft 2004 BAT + + + + +
Lum 2002 Robot + + +
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Lum 2004 CIMT + +
Lum 2006 BAT & robot + +
Malcolm 2007 CIMT + + +
Mark 2008 CIMT + + +
Maseiro 2007 Robot + +
McCombe 2008 BAT review + + + + +
McCombe 
2008a BAT + + +
Mehrholz 2008 Robot review + +
Merians 2006 VR + +
Morris 2008 BAT +
Myint 2008 CIMT + +
Nadeau 2004 CIMT + + + +
Page 2001 CIMT + + +
Page 2004 CIMT + + +
Page 2005 CIMT + + +
Page 2008 CIMT + + +
Page 2009 CIMT + +
Ploughman 
2004 CIMT + +
Rabadi 2008 Robot + +
Richards 2006 CIMT + +
Rosati 2007 Robot + +
Stewart 2006 BAT review + + +
Stinear 2008 BAT + +
Summers 2007 BAT + + +
Suputtitada 
2004 CIMT + +
Takahashi 2008 Robot & VR + + + +
Taub 1999 CIMT review + +
Taub 2005 CIMT + +
Taub 2006 CIMT + +
Uswatte 2006 CIMT +
Uswatte 2006a CIMT + +
van der Lee 
1999 CIMT + + +
van der Lee 
2003
CIMT 
review + + +
van der Lee 
2004 CIMT + +
van Peppen 
2004
CIMT 
review + + + +
Volpe 2000 Robot + +
Volpe 2008 Robot + +
Winstein 2003 CIMT + + +
Wolf 2006 CIMT + + +
Wolf 2008 CIMT + + +
Wu 2007 CIMT + + +
Wu 2007a CIMT + + +
Yavuzer 2008 VR + +
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Samenvatting 
Patiënten met een unilaterale hersenbeschadiging hebben vaak motorische stoornissen aan één lichaamszijde. Deze motorische stoornissen kunnen het uitvoeren van activiteiten in het dagelijks leven ernstig beperken, met name wanneer de arm en hand zijn aangedaan. Twee van de meest voorkomende patiëntengroepen met een unilaterale hersenbeschadiging zijn volwassenen die een beroerte hebben gehad (cardiovasculair accident; CVA) en kinderen met cerebrale parese (CP). Revalidatie bij deze groepen is met name gericht op het verbeteren van het vermogen om activiteiten uit te voeren (“vaardigheid”) om uiteindelijk de uitvoering van deze activiteiten te verbeteren in het dagelijks leven. Echter, ondanks toegewijde revalidatie blijft er vaak een discrepantie bestaan tussen de maximale vaardigheden die worden geobserveerd tijdens gestandaardiseerde metingen en de werkelijke uitvoering in het dagelijks leven. Veel patiënten na een CVA en veel kinderen met CP lijken hun aangedane arm en hand weinig te gebruiken in het dagelijks leven, zelfs als de motorische stoornissen relatief mild zijn. Dit fenomeen wordt bij CVA patiënten vaak aangeduid met “learned nonuse” en bij kinderen met CP met “developmental disregard”. Om deze discrepantie op te lossen 
moet in kaart worden gebracht wat de specifieke beperkingen zijn in arm- en handvaardigheid en in de uitvoering in het dagelijks leven, en wat de onderliggende factoren van de discrepantie zijn. Het doel van dit proefschrift was daarom tweeledig. Als eerste was het gericht op het meten van de arm- en handvaardigheid en de uitvoering in het dagelijks leven bij volwassenen met een CVA en bij kinderen met CP. Als tweede biedt dit proefschrift nieuwe perspectieven over de mogelijke onderliggende factoren van de discrepantie tussen vaardigheid en uitvoering. 
Hoofdstuk 1 is een algemene introductie en geeft algemene informatie over patiënten na een CVA en kinderen met CP. In dit hoofdstuk wordt de revalidatie van de arm en hand besproken, evenals de vaakvoorkomende discrepantie tussen vaardigheid en uitvoering van de arm en hand. Het hoofdstuk eindigt met de opbouw van dit proefschrift; het proefschrift is onderverdeeld in twee delen. In het eerste deel worden twee observationele schalen gepresenteerd waarmee de arm- en handvaardigheid (Stroke Upper Limb Capacity Scale; SULCS, revised Video Observations Aarts and Aarts module Determine Developmental Disregard; VOAA-DDD-R) en uitvoering (VOAA-
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DDD-R) kunnen worden bepaald. De eerste drie hoofdstukken gaan over de klinimetrische eigenschappen van de SULCS (hoofdstuk 2 en 3) en over hoe het herstel van arm- en handvaardigheid verloopt bij patiënten die na een CVA waren opgenomen voor klinische revalidatie in een revalidatiecentrum (hoofdstuk 4). In het laatste hoofdstuk van deel 1 worden de klinimetrische eigenschappen beschreven van de VOAA-DDD-R, waarmee arm- en handvaardigheid, uitvoering, en developmental disregard kunnen worden vastgesteld bij kinderen met CP (hoofdstuk 5). Het tweede deel biedt een nieuw, neurocognitief perspectief over (het meten van) de discrepantie tussen arm- en handvaardigheid en de uitvoering in het dagelijks leven. Vanuit dit neurocognitieve perspectief wordt de discrepantie gekoppeld aan aandacht die nodig is voor de bewegingssturing van de arm. De eerste twee hoofdstukken van deel 2 beschrijven experimentele studies bij CVA patiënten waarin een cirkeltaak wordt gevalideerd (hoofdstuk 6), die vervolgens wordt gebruikt in een dubbeltaak paradigma om de aandacht te meten tijdens het gebruik van de arm (hoofdstuk 7). Het laatste hoofdstuk van deel 1 (hoofdstuk 8) schetst een theoretisch kader van waaruit de discrepantie tussen vaardigheid en uitvoering wordt gerelateerd aan verhoogde aandacht (en een samengaand gebrek aan automatisering). In dit hoofdstuk ligt de focus op kinderen met CP.
Deel 1: Nieuwe observationele schalen
Hoofdstuk 2 beschrijft de ontwikkeling en een aantal klinimetrische eigenschappen van de SULCS. De SULCS was ontwikkeld om arm- en handvaardigheid in kaart te brengen bij patiënten met een milde tot ernstige parese als gevolg van een CVA. De SULCS bestaat uit tien taken die direct gerelateerd zijn aan activiteiten in het dagelijks leven. In deze studie werden 546 patiënten geïncludeerd die waren opgenomen voor klinische revalidatie na een CVA. Hiermee werden de schaalbaarheid, unidimensionaliteit, hiërarchie, interne consistentie, item bias (“differential item functioning”), vloer- en plafondeffecten en gemiddelde afnametijd van de SULCS onderzocht. Met 
schaalbaarheid wordt bedoeld dat de aparte items samen een schaal vormen waarbij de itemscores mogen worden opgeteld tot een totaalscore. Als de items een unidimensionele schaal vormen, impliceert dit dat de items uitsluitend één begrip (construct) meten (in dit geval arm- en handvaardigheid). Een 
hiërarchische volgorde van de items houdt in dat de items te ordenen zijn van makkelijk naar moeilijk. Als de interne consistentie van de items goed is impliceert dit dat de items sterk samenhangen. Als er geen item bias wordt 
SAMENVATTING
180
gevonden impliceert dit dat verschillende patiëntengroepen met elkaar vergeleken kunnen worden. Men spreekt van vloer- of plafondeffecten wanneer meer dan 15% van de participanten respectievelijk de minimale of maximale score behaald. De gemiddelde afnametijd is gedefinieerd als de tijd die nodig is om de test af te nemen na gebruik van start-en-stop regels. Start-en-stop-
regels kunnen worden geformuleerd als de items een hiërarchische ordening laten zien, en worden als volgt geformuleerd. Start met de makkelijkste taak wanneer een patiënt een ernstige parese heeft, ga verder met de taken van makkelijk naar moeilijk en stop wanneer de patiënt drie opeenvolgende taken niet kan uitvoeren. Wanneer een patiënt een milde parese heeft, begin dan met de moeilijkste taak, ga verder met de taken van moeilijk naar makkelijk tot de patiënt drie opeenvolgende taken niet kan uitvoeren. Uit de resultaten blijkt dat de SULCS een sterke, unidimensionale, hiërarchische en interne consistente schaal is. Er was geen item bias gevonden dus de SULCS kan worden gebruikt bij zowel jongere als oudere patiënten, mannen en vrouwen, patiënten met een links- dan wel rechtszijdige parese en bij patiënten met een bloedig dan wel een ischemisch CVA. Er waren geen vloereffecten gevonden (14% van de participanten bij opname en 5% bij ontslag had de minimale score) maar er was wel een plafondeffect aanwezig (20% van de participanten bij opname en 42% bij ontslag had de maximale score). Na toepassing van de start-en-stop regels was de afnametijd gemiddeld 6 minuten. Samenvattend is de SULCS een gemakkelijk instrument waarmee de arm- en handvaardigheid in kaart kan worden gebracht bij patiënten na een CVA. De SULCS heeft uitstekende schaaleigenschappen en een korte afnametijd. 
Het doel van hoofdstuk 3 was het onderzoeken van de betrouwbaarheid en de validiteit van de SULCS. Hiervoor werd de SULCS drie keer afgenomen bij 21 patiënten die waren opgenomen voor klinische revalidatie. Voor het bepalen van de interbeoordelaarbetrouwbaarheid werd de SULCS twee keer afgenomen door twee verschillende ergotherapeuten binnen één week voor ontslag. De mate van overeenkomst van deze metingen werd bepaald met de 
intraclasscorrelatiecoëfficiënt (ICC) met het 95% betrouwbaarheidsinterval (BI). Voor het bepalen van de constructvaliditeit werden de scores van de SULCS gerelateerd aan de scores bij opname van de Action Research Arm Test (ARAT) en de Rivermead Motor Assessment (RMA) en aan de respectievelijke verschilscores tussen opname en ontslag. De SULCS had een hoge ICC (0.94; 95% BI [.86-.97]) en een sterke correlatie bij opname met de ARAT (ρ=.91 ) en 
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de RMA (ρ=.85). De verschilscores van de SULCS hadden een sterke correlatie met die van de ARAT (ρ=.71 ), en een matige correlatie met die van de RMA (ρ=.48). Verder heeft het lagere deel van de SULCS een slechtere relatie met de ARAT en de RMA dan het hogere deel. De SULCS laat meer variatie zien in de scores van 11 participanten in het lagere deel dan de ARAT en de RMA. De SULCS lijkt daarom gevoeliger te zijn voor patiënten met weinig of geen handvaardigheid. Uit deze studie blijkt dat de SULCS betrouwbaar en valide is en met name gevoelig voor patiënten met weinig of geen handvaardigheid. 
In hoofdstuk 4 werd met de SULCS het herstel van handvaardigheid onderzocht bij patiënten die waren opgenomen voor klinische revalidatie na een CVA. In deze studie werd bij 299 patiënten de SULCS afgenomen bij opname en ontslag in een revalidatiecentrum. Patiënten werden bij opname op basis van de SULCS verdeeld in drie groepen: geen handvaardigheid (SULCS score 0-3; 125 patiënten), basale handvaardigheid (SULCS score 4-7; 58 patiënten) en complexe handvaardigheid (SULCS score 8-10; 116 patiënten). Van de patiënten die basale handvaardigheid hadden bij opname had 78% complexe handvaardigheid bij ontslag. Van de patiënten zonder handvaardigheid bij opname had 41% minstens enige handvaardigheid (SULCS 
score≥4) bij ontslag. Binnen deze groep hadden patiënten met een SULCS score van 2 en 3 respectievelijk een 29 en 97 keer grotere kans op herstel van de handvaardigheid dan patiënten met een SULCS score van 0. De SULCS 
score bij ontslag werd onafhankelijk verklaard door de opnamescore van de SULCS (51% verklaarde variantie) en door de tijd na het CVA (7% verklaarde variantie). Samenvattend hebben zelfs CVA patiënten met relatief weinig armvaardigheid een redelijke kans op herstel van handvaardigheid, mits zij bij opname in een revalidatiecentrum beschikken over basale schouder- en elleboogcontrole. Patiënten zonder enige proximale armcontrole hebben een slechte prognose voor herstel van handvaardigheid, al bestaan er zelfs in deze groep uitzonderingen.
De studie beschreven in hoofdstuk 5 evalueert de validiteit en betrouwbaarheid van de VOAA-DDD-R bij kinderen met CP. In deze herziene versie zijn de taken verbeterd en is het scoresysteem versimpeld. Het doel van de VOAA-DDD-R is het in kaart brengen van arm- en handvaardigheid, uitvoering en developmental disregard bij kinderen met unilaterale spastische CP. Hiervoor worden twee taken gebruikt: een taak waarbij het gebruik van twee handen 
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is vereist (kralen rijgen) en een taak waarbij het gebruik van twee handen 
wordt uitgelokt (muffin versieren). Tijdens de taken wordt de frequentie van 
het grijpen, vasthouden en loslaten gescoord onafhankelijk van de kwaliteit. 
De frequentie tijdens de rijgtaak werd gedefinieerd als de “capacity” score 
(vaardigheid; range 0-100%), terwijl de frequentie tijdens de muffintaak werd 
gedefinieerd als de “performance” score (uitvoering; range 0-100%). Het verschil in de duur van het gebruik van de aangedane arm en hand tussen de 
rijgtaak en de muffintaak werd gedefinieerd als de “developmental disregard” score (range 0-100%). De VOAA-DDD-R werd twee keer afgenomen bij 25 kinderen met CP tussen 2.5 en 8 jaar en een keer bij 46 typisch ontwikkelende kinderen in dezelfde leeftijdsgroep. De constructvaliditeit werd bepaald door de kinderen met CP te vergelijken met de typisch ontwikkelende kinderen. Voor het bepalen van de intrabeoordelaar-, interbeoordelaar- en test-hertestbetrouwbaarheid werden ICCs berekend. Verder werden de standaard meetfout (“standard error of measurement”; SEM) en het kleinste te meten verschil (“smallest detectable difference”; SDD) berekend. Uit de resultaten 
bleek dat alle scores significant verschilden tussen kinderen met CP en typisch ontwikkelende kinderen (P<0.05). Verder waren alle ICCs hoog (tussen 0.79 en 1.00). De SEMs en SDDs varieerden tussen respectievelijk 4.5% en 6.8% en van 12.5% tot 19.0%. Samenvattend is de herziene VOAA-DDD-R betrouwbaar en valide, en heeft het een simpeler scoringsysteem dan de vorige versie. Met de drie scores van de VOAA-DDD-R (capacity, performance en developmental 
disregard) kan worden bepaald welke specifieke problemen een kind met CP heeft met betrekking tot het gebruik van de aangedane arm en hand, zodat een traininginterventie hier op kan worden afgestemd. 
Deel 2: Nieuwe perspectievenHet doel van de studie in hoofdstuk 6 was om te evalueren of een cirkeltaak geschikt was om de armmotoriek te onderzoeken bij patiënten na een CVA. Er werd onderzocht of bepaalde kenmerken van het tekenen van een cirkel konden differentiëren tussen 16 patiënten na een CVA en 20 gezonde controle participanten. Ook werd onderzocht of de uitvoering van de cirkeltaak gerelateerd was aan de ernst van het CVA door de cirkeltaak te correleren met het armgedeelte van de Fugl-Meyer (FM) schaal. Uit de resultaten bleek dat de patiënten slechter presteerden op de cirkeltaak dan de gezonde participanten. De patiënten maakten kleinere cirkels die minder rond waren en op een lagere snelheid dan de gezonde participanten (P<0.05). Verder bewogen de patiënten 
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meer in synergistische bewegingspatronen dan de gezonde participanten. De 
kenmerken van de cirkeltaak waren sterk en significant gecorreleerd met 
de FM schaal (Pearson correlatiecoëfficiënt r varieerde tussen 0.75 en 0.84 voor de cirkelgrootte, cirkelrondheid en bewegingen buiten synergistische patronen en was -0.72 voor bewegingen binnen synergistische patronen). Er werd geconcludeerd dat de cirkeltaak kan worden gebruikt om te discrimineren tussen patiënten na een CVA en gezonde participanten en dat de cirkeltaak sterk gerelateerd is aan de ernst van het CVA zoals die met de FM schaal is gemeten.
In hoofdstuk 7 werd onderzocht met een dubbeltaak paradigma hoeveel aandacht CVA patiënten nodig hebben om hun arm te gebruiken. Zes patiënten met een matige parese van de arm (Brunnstrom fase 4 en 5), 4 patiënten met een milde parese van de arm en 10 gezonde controle participanten met dezelfde leeftijd als de patiënten voerden een cirkeltaak uit en gelijktijdig een auditieve Stroop taak. De motorische complexiteit werd gemanipuleerd door de cirkeltaak uit te voeren met en zonder armondersteuning. De aparte motorische (grootte × snelheid) en cognitive (accuratesse / reactietijd) scores tijdens de dubbeltaak condities werden omgezet in een percentage van de bijbehorende singletaak scores en daarna gecombineerd tot een enkele dubbeltaak score. De patiënten met een matige parese voerden zonder 
armondersteuning de dubbeltaak significant slechter uit met hun aangedane arm dan met hun niet-aangedane arm (P<0.05). Bij de patiënten met milde parese en de gezonde participanten werden geen verschillen gevonden tussen de armen. Met armondersteuning werden voor geen van de groepen verschillen gevonden tussen de armen. Deze resultaten bevestigen de hypothese dat patiënten met een matige parese van de arm meer aandacht nodig hebben om hun aangedane arm te gebruiken en dus dat hun armmotoriek niet volledig is geautomatiseerd. Dit gebrek aan automatisering zou bij deze patiënten mogelijk ten grondslag leggen aan de vaak geobserveerde discrepantie tussen arm- en handvaardigheid en uitvoering in het dagelijks leven.
Hoofdstuk 8 beschrijft de relatie tussen motorisch leren en aandacht en past deze relatie toe op het concept “developmental disregard” bij kinderen met CP. Er wordt beargumenteerd vanuit een neurocognitieve theorie dat de discrepantie tussen arm- en handvaardigheid en uitvoering in het dagelijks leven (voor een deel) kan worden verklaard door verhoogde aandacht tijdens het gebruik 
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van de arm.  De aandacht die nodig is tijdens het gebruik van de arm kan in kaart worden gebracht door middel van een dubbeltaak paradigma. Echter, uit een systematische literatuurstudie bleek dat er geen dubbeltaakstudies zijn gedaan bij kinderen met CP. Er worden daarom aanbevelingen gedaan voor het toepassen van een dubbeltaak paradigma bij kinderen met CP op basis van empirische studies bij typisch ontwikkelende kinderen en bij kinderen met een coördinatieontwikkelingsstoornis (developmental coordination disorder; DCD). Deze studies laten zien dat zowel typisch ontwikkelde kinderen als kinderen met DCD in staat zijn om dubbeltaken uit te voeren, mits de taken worden aangepast aan het niveau van de individuele capaciteiten van het kind. Ook laten deze studies zien dat kinderen met DCD slechter presteren op dubbeltaken dan typisch ontwikkelende kinderen. Verder wordt aangetoond dat de cognitieve taak uitdagend genoeg moet zijn om te zorgen voor dubbeltaakinterferentie tijdens een armtaak. Als laatste moeten naast het kiezen van de juiste taken uitkomstmaten worden geselecteerd die gevoelig zijn, gemakkelijk te interpreteren en die dubbeltaakinterferentie kunnen aantonen. Een voorbeeld hiervan is het gebruik van samengestelde scores zoals van snelheid en accuratesse. 
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Dankwoord
Het is zover, mijn proefschrift is af! De afgelopen jaren waren een achtbaan van emoties, van leren, ontwikkelen, groeien en veranderen, van zekerheid en onzekerheid, teleurstellingen en successen. En met een fantastische afsluiting! Hier is dan het laatste deel van dit alles: mijn dank voor alle steun van de vele mensen die bij mijn promoveren betrokken waren.
Als eerste Sander Geurts, mijn promotor en dagelijkse begeleider in één. Een bijzondere combinatie want een promotor die altijd voor je klaarstaat komt niet vaak voor en daar ben ik je heel dankbaar voor. Bedankt voor alle tijd en energie die je hebt gestopt in het begeleiden van een beginnend onderzoeker. Ik kon altijd rekenen op je snelle en grondige feedback waardoor ik ontzettend veel heb geleerd. De overgang van student naar onderzoeker had ik zonder jouw hulp niet kunnen maken. Mijn tweede promotor, Bert Steenbergen. Naast dat ik veel van je heb geleerd over goed onderzoek doen, was de mooiste les die ik van jou heb geleerd plezier hebben in onderzoeken! Nieuwsgierig zijn naar 
bewegen, dat neem ik mee in mijn verdere onderzoekscarrière. Je was altijd positief en motiverend, met veel relativering en aandacht voor buitenwerkse activiteiten. Etentjes, borrels, pupquizen, en zelfs een hele nacht metingen doen tijdens het Discovery festival in Amsterdam maakten het serieuze onderzoekersleven een stuk aangenamer!
De mensen met ik wie ik heb samengewerkt: Leo Roorda, Wendy Smits, 
Wieteke Ermers, Bart Nienhuis, Jaap Buurke, Gerdienke Prange, Thijs Krabben, 
Birgit Molier, Gert Kwakkel, bedankt voor jullie hulp tijdens het uitvoeren van de onderzoeken en het schrijven van de artikels, zonder jullie had ik het niet kunnen doen. Andy, it was a great experience being in New York and thank you for helping me settle in! I hope we’ll work together again in the future. 
Pauline, Yvonne en Rinske, ik wil jullie in het bijzonder bedanken voor jullie hulp en samenwerking. Ik heb met veel plezier met jullie samengewerkt en ik hoop dit in de toekomst nog vaak te mogen doen! En Rinkse, erg leuk om met een vriendin te kunnen samenwerken zodat we vaak een excuus hadden voor gezellige etentjes onder de noemer werkoverleg :-)
Mijn familie, bij wie ik altijd thuis ben en gewoon kind en zusje kan zijn. Met jullie onvoorwaardelijke steun kan ik alles bereiken wat ik wil. Mam, je 
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bent er altijd voor een luisterend oor en veel gezelligheid! Pap, wat leuk dat wij elkaar steeds meer kunnen vinden in ons werk, mijn interesse in exacte 
wetenschappen heb ik van jou. Susan, wat fijn om jouw kleine zusje te zijn en te weten dat jij altijd voor me klaarstaat. Meer dan zussen en meer dan vriendinnen, die band heb ik met niemand anders. En natuurlijk mijn dank voor de fantastische omslag van mijn boekje! 
Mijn geweldige, leuke, lieve vriendinnen! Karen, samen begonnen we aan een onderzoekscarrière aan de VU en durfden we het aan om samen stage te lopen in Boston. Niet alleen vulden we elkaar geweldig aan op het werk (met onze eerste 2 publicaties als resultaat!) maar we hebben daar een super leuke tijd gehad. Onze voorliefdes voor lekker eten, drinken en gezelligheid kunnen we gelukkig nog steeds vaak delen. Natuurlijk ben jij daarom mijn paranimf, bedankt dat je er altijd voor me bent! Linda, onze citytrips zijn een vast onderdeel geworden van het jaar, met hopelijk nog veel spannende en exotische bestemmingen in de toekomst. Maar ook in Nederland ben ik heel blij om zo’n lief en gezellig vriendinnetje te hebben! Suzanne, ik kwam net in Nijmegen wonen en daarom was het super om met jou de stad te leren kennen. Onze gezellige afterwork borrels, etentjes en uitjes maakten (en maken!) Nijmegen snel tot mijn thuis. Marieke, onze wekelijkse tennisdates waren altijd goed voor een dosis beweging, buitenlucht en gezelligheid. Anne en Maartje, van fysiotherapie in Rotterdam naar alle hoeken van Nederland, we blijven elkaar zien en elke keer voelt het als vanouds.
En dan natuurlijk mijn fijne groep collega’s! Mijn vaste supportgroup gedurende de afgelopen 4 jaar: Chantal, Merel en Lotte. Wat hebben wij veel meegemaakt samen en wat was het heerlijk om altijd bij jullie terecht te kunnen met mijn verhalen, vragen, problemen en successen. Chantal en Merel, mijn kamergenootjes vanaf dag 1! Chantal, met jouw nuchtere en zekere kijk op het leven heb je mij door moeilijke tijden heen gesleept en vond ik altijd een oplossing voor ieder probleem. En anders was er altijd nog een la vol chocola om ons de dag door te helpen :-) Ik vond het heel gezellig om je opvang-thuis 
te zijn in Nijmegen en mijn bank staat altijd nog voor je klaar. Wat fijn dat jij mijn paranimf bent! Merel, jouw positieve instelling is bewonderenswaardig en ik kan nog veel van je leren! Als ik het even niet zag zitten wist jij me er altijd weer bovenop te helpen met je steun en advies. Maar ook was het 4 jaar lang zo gezellig op onze kamer dat ik altijd met plezier zal terugdenken aan 
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mijn promotietijd! Lotte, mijn feest-, concert- en festivalmaatje! We deelden geen kamer maar we konden elkaar toch vinden een paar deuren verderop en daarbuiten: samen bezochten we zo’n beetje elk festival in Nederland. Met als grootste feest jouw bruiloft waar ik zelfs ceremoniemeester was, heel 
speciaal! Noortje, onze koffiepauzes, afterworkborrels en etentjes waren altijd gezellig en die houden we er in ook al zitten we niet meer tegenover elkaar in 
de gang. Joyce, ik kwam graag naar je penthouse voor een koffie break, peptalk of stijladvies. Hanneke, of het nou tijdens een pauze, een dagje shoppen, een feestje of een spelletjeavond was, we hadden altijd genoeg te kletsen! Mijn nieuwe kamergenootjes Anita en Mariska, de balans vinden tussen gezelligheid en werk was een uitdaging maar maakte het werk toch wel een stuk leuker. En natuurlijk de rest van mijn oude en nieuwe collega’s: Roos, Mark, Nicole, 
Jorik, Digna, Sjoerd, Arjen, Ellen, Edith, Vivian, Céline, Loes, Marjolein, Maaike, 
Steffi, Arjan, Judith, Marijtje, met jullie heb ik met veel plezier samengewerkt, geluncht, geborreld, gelachen en gepraat! 
En als laatste, lieve Roland, jij hoort natuurlijk ook in het rijtje collega’s :-) Niet alleen kon ik altijd bij jou terecht voor je hulp bij mijn Matlabprogramma’s, 
meetopstelling of Vicon frustraties, jij bent mijn grote steun geworden! Jouw rust en relativering (no worries) brengen mij tot rust (nou ja rustiger in ieder geval...) en jouw enthousiasme en oneindige energie stimuleren mij om alles uit mezelf en de wijde wereld te halen. Ik kan me niet meer voorstellen om zonder jou te zijn, met elkaar wordt het beter! 
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